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Figure 1  The Siemens Westinghouse 220-kilowatt power system - one of the first solid  
 oxide fuel cells [http://americanhistory.si.edu/fuelcells/so/sox3.htm] 
 
 
Figure 2   5 kW SOFC demonstration unit at VTT. The unit was operated for 7000 h with a 5 
kW planar SOFC stack in a national project that ended in 2007 
[http://www.apros.fi/en/industries/solid_oxide_fuel_cells] 
3 
 
Abstract 
 
 
Solid Oxide Fuel Cells (SOFCs) are energy conversion devices that convert the chemical 
energy of a fuel directly into electricity and useful heat, where the latter is recovered at the 
device’s high working temperature. SOFCs have become important in the fuel cell field due 
to their high energy conversion efficiency, wide range of fuels and environmental friendliness. 
However, one of the main obstacles to put SOFCs into mass production is their high 
fabrication costs including the cost of components such as the electrodes – anodes and 
cathodes.  
This project investigates the possibility of manufacturing anodes for tubular SOFCs by a 
novel co-deposition process which can reduce costs compared with conventional fabrication 
techniques.  
Anode requires a ceramic phase to help match the coefficient of thermal expansion of the 
electrolyte and a metallic phase to conduct electrons to the outside circuit. Both of these can 
be achieved via a novel nickel-ceramic electroless co-deposition technique. Both ceramic and 
metallic parts of the anode are deposited together in one single process and avoid the 
expensive sintering process which is involved in traditional techniques. The elimination of 
multi-stage processing and high thermal consumption reduces the time and cost of the anode 
fabrication process.  
The main challenge in this project is to increase the content of ceramic particles embedded in 
the nickel. The variables investigated are (i) ceramic particle size, (ii) plating time and (iii) 
the plating performance both on the inside and outside of tubular surfaces. Initial experiments 
were carried out on planar surfaces. 
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CHAPTER 1      Introduction and Background 
1. Introduction 
 
              1.1 World Energy crisis 
 
It is generally accepted that CO2 emissions produced by developed and developing countries 
results in (i) the world mean temperature being increased, (ii) the sea level being increased 
and (iii) the melting speed of the ice islands in polar regions also being increased. The 
climate conference in [Copenhagen] was one kind of attempt to help solve this global 
warming problem with the intention of reducing the CO2 emission all over the world.  
Energy in the form of fossil fuel has been used for centuries ago starting with coal. The 18th 
century industrial revolution has made the world depend on this energy source. The 
expanding of railway systems and power steam trains are major contributors to the increasing 
demand for coal. Coal is also used in large amount in domestic heating, railway fuel, heat for 
industrial processes and coke for smelting iron ore in the iron and steel industry. Coal is 
abundant and available from a number of reasonably stable locations around the 
world.  However this fossil fuel is not sustainable, is greenhouse gas intensive and large-scale 
sequestering of CO2 is not proving to be a practical proposition.   
Later in the 19th century, more alternative energies were discovered and the demand for coal 
reduced though it is still being used. Another factor which puts off the use of coal is the 
environmental concern enforcing usage of low sulphur fuel together as well as the expansion 
of the automobile industry which made the world focus on petroleum and natural gas as the 
main energy source. 
The first crude oil was accidentally drilled in north-western Pennsylvania in by Drake Well 
while looking for salt water or plain drinking water. This event then brought up a new area 
where oil and gas are used as a main source of energy. Nowadays, the world oil supply is 
controlled by OPEC (Organisation of Petroleum Exporting Countries), which was established 
in 1960 by five mega-oil production countries - Iran, Iraq, Kuwait, Saudi Arabia and 
Venezuela. 
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Figure 1-1    World oil production prediction, http://www.paulchefurka.ca/Population.html 
Figure 1-1 shows the predictions of world oil production. This trend was predicted by 
eminent Shell oil geologist M. King [Hubbert] in the 1950s. “At some point within the next 
two decades world oil production will reach its peak and begin to decline. The trouble is that 
no realistic technological, economic and political strategies for the warding off of the impacts 
of a decline in conventional oil supply are in sight.” 
Alternatively, the development of the green energy is more and more important and urgent. 
Solar energy, wind energy, marine energy, fuel cells etc. are green energy sources that are 
very attractive and need to be developed and utilised. These energy development bring hope 
to find alternative energy source and stop the global warming problem. The global drive for 
environmentally friendly power generation has initiated research in numerous diverse fields, 
ranging from solar panels to wind and tidal farms. While these are effective sources of 
electrical energy, however, they have productivity issues, for example on cloudy or windless 
days, energy production would be greatly reduced. Additionally the size and position of these 
farms are critical and has come under close scrutiny due to their impact on rural communities 
and their own environmental impact on the countryside.  Ideally a power generation system is 
required which would efficiently produce significant energy levels and which could be either 
portable, e.g. in a vehicle, or a fixed system, e.g. within a factory, home, etc. 
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The hydrogen economy is a proposed system of delivering energy using hydrogen. The term 
hydrogen economy was coined by John [Bockris] in 1970 at General Motors (GM) Technical 
Center. Hydrogen (H2) is a common element found in all fossil fuels and all organic 
matter.  In its pure molecular form, hydrogen is a colourless, odourless, non-toxic gas.  Like 
oil and natural gas, hydrogen can be transported via pipeline or shipped in containers.  When 
burned or used to power a fuel cell, hydrogen produces zero emissions besides water 
vapour.  This makes it the ultimate clean fuel. 
Hydrogen-advocates promote hydrogen as a potential fuel for motive power (including cars 
and boats), the energy needs of buildings and portable electronics. Free hydrogen does not 
occur naturally in quantity, and thus must be generated from some other energy source by 
steam reformation of natural gas or another method. Hydrogen is thus an energy carrier (like 
a battery), not a primary energy source (like coal). The feasibility of a hydrogen economy 
depends on issues of energy sourcing, including fossil fuel use, climate change, and 
sustainable energy generation. The hydrogen storage, transport and handing have been 
investigated to make it safe, portable, storable energy carrier for all users. As hydrogen is a 
chemical fuel, which is similar to natural petroleum, it can be stored in a high pressure tank, 
transported by trucks, trains, planes, ships or pump through pipelines. 
Hydrogen can be prepared in several different ways, but economically the most important 
processes involve removal of hydrogen from hydrocarbons. Commercial bulk hydrogen is 
usually produced by the steam reforming of natural gas [Oxtoby]. The technique of 
producing hydrogen is still required further research especially to make it more economical, 
especially, the transporting, distributing and storing hydrogen is major issue because 
hydrogen is highly flammable in its natural gaseous form.  
To develop the novel, renewable and alternative energy is more important today. This is 
reason why this current research area is about fuel cells, a kind of device which can converts 
a source fuel into electrical current with a great reduction of CO2 emission.  
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              1.2    Principle and Classification of a fuel cell 
 
A fuel cell is an energy conversion device that produces electricity from converting the 
chemical energy of a fuel gas directly to electrical energy and heat without direct combustion. 
It gives high conversion efficiencies which could not be achieved by conventional thermo- 
mechanical methods. The operating principles of fuel cells are very similar to batteries. 
Generally, the electrochemical combination of reactants generates electricity. The 
combination made of any kind of fuel gases (for example hydrogen) and an oxidant gas 
(normally oxygen from air) flows through electrodes and an ion conducting electrolyte. A 
fuel cell can keep running without lacking of power or recharging problems, as long as the 
fuel gas and air is supplied to the electrodes.   
Fuel cells have been more and more considered because of their great potential for power 
generation and other various applications. The high efficiency, very low emissions and 
negligible influence to surrounding environment provide great advantages for fuel cells; and 
fuel cells are coming to the commercial reality of wide application. The main factor is the 
ultimate cost of fuel cell technology. The significant research into cost reduction and 
properties improvement will help fuel cells become a commercial rival to conventional power 
generation and further. 
The history of the fuel cell begins with Sir William [Grove] who completed experiments on 
the electrolysis of water in 1839. From 1889 until the early twentieth century, many people 
tried to produce a fuel cell that could convert coal or carbon to electricity directly. These 
attempts failed because not enough was known about materials or electricity. In 1932, Francis 
[Bacon] developed the first successful fuel cell. He used hydrogen, oxygen, an alkaline 
electrolyte, and nickel electrodes. In 1952, [Bacon] and a co-worker produced a 5-kW fuel 
cell system. In the late 1950's, NASA needed a compact way to generate electricity for space 
missions. Nuclear was too dangerous, batteries too heavy, and solar power too cumbersome. 
NASA went on to fund 200 research contracts for fuel cell technology. Both the alkaline and 
polymer electrolyte fuel cells have demonstrated their capabilities in the Apollo, Gemini and 
Space Shuttle manned space vehicle programs.  [http://en.wikipedia.org/wiki/Fuel_cell] 
The principle of the fuel cells was discovered at the beginning of 19th century. However, at 
that time the energy is using fuel and coal combustion, which generated a high temperature 
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gas. In the case of a coal-burning power plant, heat is transferred from this hot gas to high 
pressure liquid water. In the case of gasoline, diesel or gas turbine engine, the hot gas or high 
pressure steam is expanded in a mechanical device and ultimately turns an electrical 
generator. Recently, the clean and green energy has been demanded urgently and strongly. It 
generates electricity directly as an electrochemical device - without burning - to give benefit 
of more efficient and much less pollutants than traditional methods that rely on combustion. 
A fuel cell is essentially a battery that does not need recharging. As long as hydrogen and 
oxygen fuel are supplied, it can continue to supply heat and electricity. Although there are 
many varieties, fuel cells all work in the same general manner [Larminie, et al]. Fuel cell 
construction generally consists of three segments which are the electrode (anode) and an 
oxidant electrode (cathode) separated by an ion-conducting membrane (electrolyte). Oxygen 
passes over the cathode and hydrogen over the anode, generating electricity, water and heat. 
The molecules of a fuel and an oxidiser are chemically combined within fuel cells without 
burning and the pollution of traditional combustion.  
Two chemical reactions occur at the interfaces of these three segments. The result is that the 
fuel at the anode is consumed and the oxygen is consumed at cathode; the production is water, 
heat and electric energy.  
 
Figure 1-2        O2- transport through electrolyte 
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Figure 1-3         H+ transport through electrolyte 
Figure 1-2 and Figure 1-3 represent the two different types of basic operational principle. In 
Figure 1-2, [Ryan, et al] the electrolyte allows oxygen ions to pass and its performance relies 
a lot on oxygen ions conductivity. The oxygen gas at the cathode reacts with electrons from 
the external circuit and is reduced to oxide ions. Then the oxide ions transport through the 
electrolyte to the anode. Meanwhile, hydrogen gas reacts with oxide ions to produce water 
and release electrons. The negatively charged electrons must travel along an external circuit 
to the cathode because the electrolyte is an insulator, creating an electrical current. Electron 
transfer cycle is completed.  
The overall electrochemical reaction occurring at each electrode can be written as  
at the cathode reaction:           O2 + 4e-             2O2-                                                              (1.1) 
at the anode reaction:           2H2 + 2O2-             2H2O + 4e-                                                                          (1.2) 
overall cell reaction:               O2 + 2H2               2H2O + Waste Heat + Electric Energy     (1.3) 
        If the fuel is CO, then at the electrode reaction can be written as: 
at the cathode reaction:          O2 + 4e-             2O2-                                                               (1.4) 
at the anode reaction:           2CO + 2O2-             2CO2 + 4e-                                                                         (1.5) 
overall cell reaction:               O2 + 2CO               2CO2 + Waste Heat + Electric Energy   (1.6) 
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In Figure 1-3 [Xianguo], at the anode, a platinum catalyst causes the hydrogen to split into 
positive hydrogen ions (protons) and negatively charged electrons. The electrolyte only 
allows the positively charged ions to pass through. As a result, only H+ can pass to the 
cathode. The negatively charged electrons must travel along an external circuit to the cathode 
because electrolyte is insulator as well, creating an electrical current. At the cathode, the 
electrons and positively charged hydrogen ions combine with oxygen to form water. The 
overall electrochemical reaction occurring at each electrode can be written as: 
at the anode reaction:       2H2             4H+ + 4e-                                                                                                    (1.7) 
at the cathode reaction:    4H+ + O2 + 4e-             2H2O                                                       (1.8) 
overall cell reaction:         2H2 + O2                2H2O + Waste Heat + Electric Energy         (1.9) 
 
Individual fuel cells can be combined into a fuel cells stack. The amount of fuel cells 
determines the total voltage and current. The main factor to affect the current is the surface 
area of fuel cells. 
Without considering manufacture and materials costs, the two fundamental technical 
problems with fuel cells are the slow reaction rate which leads to low current and power, and 
hydrogen is the current fuel of choice for all fuel cells but it is not a readily available fuel. To 
overcome these problems, many different fuel cells types have been designed and developed. 
The different types are usually distinguished by the electrolyte. At present, six classes of fuel 
cells have emerged as viable systems. These are Alkaline Fuel Cell (AFC), Polymer 
Electrolyte Fuel Cell (PEMFC), Direct Methanol Fuel Cell (DMFC), Phosphoric Acid Fuel 
Cell (PAFC), Molten Carbonate Fuel Cell (MCFC) and Solid Oxide Fuel Cell (SOFC); these 
are listed in Table 1-1. 
PEMFC capitalises on the essential simplicity of the fuel cells. The electrolyte is a solid 
polymer and runs at quite low temperatures – typically 80oC. One theoretical solution to the 
hydrogen supply problem is to uses methanol as a fuel instead and the DMFC is one kind 
type of PEMFC but using methanol as the fuel.  PAFCs use liquid phosphoric acid as an 
electrolyte. The electrodes are made of carbon coated with a finely-dispersed platinum 
catalyst. It is not affected by CO impurity in the hydrogen and has been used for stationary 
applications with a combined heat and power efficiency of 80% and continue to dominate the 
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on-site stationary fuel cells market. MCFCs use an electrolyte composed of a molten 
carbonate salt mixture suspended in a porous, chemically inert ceramic matrix of beta-
alumina solid electrolyte. The SOFCs have a solid ceramic electrolyte and is described in 
more detail later. 
The gas supply systems must be tailored to a specific type of fuel cells. Some gases have only 
a dilution effect on the performance of fuel cells such as nitrogen from the air. Other gases 
have different effects on fuel cells such as CO or CH4, depending on the type of fuel cells. 
For example, CO is a poison to a pure platinum catalyst at the low temperatures PEMFC; 
however, CO can be used directly as fuel for high temperature fuel cells such as SOFCs. 
In addition to these six type of fuel cells, there are other fuel cells mentioned in scientific 
journals from time to time. For example, the biological fuel cells, normally use an organic 
fuel such as methanol or ethanol. The most common type of metal/air cells is the zinc air 
battery, though aluminium/air and magnesium/air cells have been commercially produced 
[Ryan, et al]. 
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Table 1-1          Data for different types of fuel cells [Xianguo, Ryan, et al] 
Fuel cell 
type 
Mobil
e ion 
Operatin
g 
Tempera
ture (oC) 
Power 
Density(
mW/cm2
) 
Power 
Range 
(kW) 
CO 
Tolerance 
Main Advantages Typical Applications  
Alkaline 
(AFC) 
OH- 50-200 150-400 1-100 Poison(≤50
ppm) 
Potential for zero emissions and 
higher efficiency 
Space vehicle, Apollo, Shuttle 
Proton 
exchange 
membrane 
(PEMFC) 
H+ 30-100 300-
1000 
0.001-
1000 
Poison(≤50
ppm) 
Higher energy density than 
batteries, Faster recharging, low 
pollution and higher efficiency 
Vehicles and mobile, lower power 
CHP systems 
Direct 
methanol 
(DMFC) 
H+ 20-90  25-
5000 
 Higher energy density than 
batteries, Faster recharging 
Suitable for portable electronic 
systems of lower power, running 
for long times 
Phosphoric 
acid 
(PAFC) 
H+ ~220 150-300 50-
1000 
Poison 
(≤1%) 
Higher efficiency, less pollution Large numbers of 200-kw CHP 
systems 
Molten 
carbonate 
(MCFC) 
CO32- ~650 100-300 100-
100M 
Fuel Higher efficiency, less pollution, 
quiet 
Suitable for medium or large scale 
CHP systems, power generation 
Solid oxide 
fuel cell 
(SOFC) 
O2- 500-
1000 
250-350 10-
100M 
Fuel Higher efficiency, less pollution, 
quiet 
Suitable for all size of CHP 
systems, Distributed power 
generation 
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              1.3  Research Aim and Objective 
The solid oxide fuel cell consists of three major components - anode, electrolyte and cathode. 
The electrochemical reaction of fuel takes place at the anode to produce electricity. This 
research is focusing on the tubular solid oxide fuel cell anode in terms of its fabrication 
process. Currently, the fabrication processes require multi-layers, several stages and sintering. 
These processes consume more energy, time and cost. The research is based on a novel single 
process based on electroless nickel deposition without sintering. Electroless nickel deposition 
has been used extensively in wear resistance and corrosion resistance applications. To 
fabricate solid oxide fuel cell anode via this process is still new and the addition of ceramic 
phase to be deposited together onto the substrate provides the name ‘electroless nickel co-
deposition process’. The advantage of this new process is that it is a single process, requiring 
no sintering or heating therefore is more cost and time effective. The research of this tubular 
solid oxide fuel cell fabrication technique has not been published by any literature or 
individual.  
The new fabricated anode will be characterised and the metal-to-ceramic phase ratio, porosity 
content and structures will also be investigated.  
The objectives of this research are: 
      1, To investigate and develop a novel planar and tubular solid oxide fuel cell anode 
fabrication by electroless nickel co-deposition process.  
      2, To characterise planar and tubular solid oxide fuel cell anode electrodes via their metal 
to ceramic phase ratio. 
      3, To characterise tubular solid oxide fuel cell anode electrodes on the  inside and outside 
surfaces of the tubes. 
  1.4 Chapter Summary 
This chapter highlights the decreasing role of fossil fuels – due to being a finite resource and 
the problem of global warming. This leads into the growth of renewable energy and the 
emergence of fuel cells. The principles of the various types of fuel cell are discussed and their 
relative merits are discussed. The aims and objectives of the research topic are highlighted. 
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CHAPTER 2 Literature review 
 
2.1 Solid Oxide Fuel Cell 
 
              2.1.1 Solid Oxide Fuel Cell history 
Swiss scientist Emil [Baur] and his colleague Preis, experimented with solid oxide 
electrolytes in the late 1930s, using such materials as zirconium, yttrium, cerium, lanthanum, 
and tungsten. Their designs were not as electrically conductive as expected and reported 
experienced unwanted chemical reactions between the electrolytes and various gases, 
including carbon monoxide. In the 1940s, the Russian [Davtyan] added monazite sand to a 
mix of sodium carbonate, tungsten trioxide, and soda glass "in order to increase the 
conductivity and mechanical strength." Davtyan's designs, however, also experienced 
unwanted chemical reactions and short life ratings.  
By the late 1950s, research into solid oxide technology began to accelerate and in 1959, 
discussion of fuel cells noted that problems with solid electrolytes included relatively high 
internal electrical resistance, melting, and short-circuiting due to semi-conductivity. It 
seemed that many researchers began to believe that molten carbonate fuel cells showed more 
short-term promise. Not all gave up on solid oxide, however. The promise of a high-
temperature cell that would be tolerant of carbon monoxide and use a stable solid electrolyte 
continued to draw modest attention. Researchers at [Westinghouse], for example, 
experimented with a cell using zirconium oxide and calcium oxide in 1962.  
In 1962 researchers at [Westinghouse] Electric Corporation demonstrated the feasibility of 
producing electricity from a solid oxide fuel cell.  This has led to intensive research and 
development in that field but as yet has not made the impact on energy production that was 
first envisioned. The beginning more powerful record is in an early 1968 in East German 
University. [Barclay, et al]  More recently, increased energy prices and advances in materials 
technology have reinvigorated work on SOFC, and numerous countries are investing heavily 
in research programmes. 
SOFC’s are targeted for use in three energy applications; stationary energy sources such as 
homes, office buildings, industrial sites, etc, transportation in both trucks and automobiles 
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and finally in remote locations due to their flexibility, quiet and non-polluting.  Moreover, 
using fuel cells in [military] applications could reduce deployment costs as 70% by weight of 
the material. 
 
              2.1.2 Solid Oxide Fuel Cell classification  
 
A Solid Oxide Fuel Cell (SOFC) is a device that produces electrical energy from 
electrochemical reaction of fuel gases which give little damaging impact to the environment. 
[Xiaoguo]  
SOFCs have a solid ceramic electrolyte rather than liquid electrolyte. As with other fuel cells, 
they consist of three major components; anode, electrolyte and cathode. Their operating 
temperature is from around 500°C to 1100°C. It is the most promising fuel cell type due to its 
high energy conversion efficiency, approximately 60% for single cycle and up to 85% for 
total system and versatile power generation system. Also, SOFCs are very flexible in the type 
of fuel they can operate on. Typical fuels used to date include hydrogen, natural gas, 
synthesis gas, reformate gas, coal gas, LPG, methane and bio-gas.  Another important 
advantage is that they do not need expensive metal catalysts.  
SOFCs vary slightly from manufacturer to manufacturer as each company is developing units 
for subtly different applications.  In most instances these companies are still developing their 
products and few production models are available on the market.  The compromise between 
cost, functional performance or materials availability is still hindering the widespread 
breakthrough into the marketplace. Any processing method, materials development, increase 
in performance or cost reduction will be eagerly accepted by the manufacturers, provided 
they have not heavily invested in existing manufacturing processes. 
SOFCs can be categorised into different types according to the operating temperature, cell 
design and support situation.  
In temperature categories, SOFCs can be split into lower temperature (operating temperature 
between 500 to 700°C), intermediate temperature (operating temperature between 700 to 
850°C) and high temperature (operating temperature between 850 to 1100°C). The low and 
intermediate temperature designs have better thermal shock resistance, reduced start-up times 
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and lower cost of materials, which are the cheaper (e.g. lower grade stainless steel alloys), 
rather than those that operate at higher temperatures. However, the higher temperature 
SOFCs have greater power densities and are more efficient. 
 
 
 
 
 
 
 
Figure 2-1      The Classifications of tubular design SOFC 
 
    
 
 
 
 
 
 
 
 
 
Figure 2-2       The Classifications of planar design SOFC 
Tubular Design SOFC 
One cell per stack Several cells per stack 
Ceramic interconnect 
Metallic interconnect 
Planar Design SOFC 
One cell per stack Several cells per stack 
Thick electrolyte Thin electrolyte Thick electrolyte Thin electrolyte 
Metallic interconnect 
Ceramic interconnect 
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In cell design, SOFCs can be classified into planer and tubular. Both types include one or 
more single cells per stacking unit. Furthermore, the planar designs can be divided by 
different interconnect materials (metallic or ceramic), and also by thickness. These are shown 
in Figure 2-1 and Figure 2-2. 
Figure 2-3       Configuration of SOFC single cells in different support 
In support situation SOFCs can be generally classified into self-supporting and external-
supporting configuration. Self-supporting SOFCs can be electrolyte-supported, cathode-
supported, and anode-supported. The external-supporting SOFC can be porous substrate-
supported and interconnect-supported. Figure 2-3 shows the configuration of SOFC single 
cells in different support mechanisms. 
 
              2.1.3 Performance of Solid Oxide Fuel Cell 
 
The basic SOFC operational principle and reactions at each electrode are illustrated in Figure 
1-2. From equation 1.3 it can be seen that the hydrogen and oxygen react to form only water, 
which drains from the cell. As long as a fuel cell is supplied with hydrogen and oxygen, it 
will generate electricity.  In some applications, the waste water would be considered as a 
valuable source. As fuel cells generate electricity chemically, rather than by combustion, they 
are not subject to the thermodynamic laws that limit a conventional power plant.  Fuel cell is 
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therefore more efficient in extracting energy from a fuel. Some cell designs also produce 
waste heat which can be extracted and utilised by other systems, e.g. internal heating systems.  
In such systems designed to capture and utilise the systems waste heat (co-generation), 
overall fuel efficiencies could be 80-85% efficient. 
A cell is typically constructed where two porous electrodes sandwich an electrolyte with 
hydrogen as the basic fuel, but cells also require oxygen. A flow of air passes along and over 
the cathode to ensure oxygen molecules contact with the cathode and electrolyte interface. 
The oxygen molecules catalytically acquire four electrons from the cathode and splits into 
two oxygen ions. These oxygen ions diffuse into the electrolyte material and transfer to the 
other side of the cell where is at anode.  At the anode and electrolyte interface, the oxygen 
ions catalytically react with the hydrogen fuel producing electrons and water. In addition, the 
electrons transport from the anode through the external circuit to the cathode. The output 
electricity can be generated via interconnect. The electrolyte plays a key role whereby it 
permits only the appropriate ions to pass between the cathode and the anode.  If free electrons 
or other chemical substances were to pass through the electrolyte, they would disrupt the 
chemical reaction. 
An SOFC has a number of advantages compared with other types of fuel cells. First, it is 
made of all solid components, so it has a simpler concept, design and construction. The 
electrode and electrolyte interface only have two phases (gas and solid) contact, compared 
with three phases for liquid electrolyte fuel cells such as PAFCs and MCFCs. The problem of 
electrolyte management and depletion and corrosion are avoided completely. The noble 
metal’s catalysts are not required because of the SOFC’s high operating temperature which 
allows the relevant electrochemical kinetics to proceed sufficiently fast. In addition, at high 
temperatures, an SOFC offers both internal fuel reforming and the possibility of co-producing 
steam hot enough to use in industrial processes. The operating efficiency of an SOFC is 
around 50-55% and the total system efficiency may exceed 80% if the available waste heat is 
fully utilised. The fuel reforming function allows widely fuel candidate to be chosen. Finally, 
SOFCs can tolerate the impurities presence. The single cells are connected electrically using 
an interconnection made from a conducting ceramic or metallic material to produce larger 
fuel cell systems called a fuel cell “stack” [Hart].  It is not a surprise that SOFCs represent the 
next generation of development and has an important role in domestic electricity generation. 
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The high operating temperature provides both challenges and advantages. The challenges 
include stack hardware, sealing and cell interconnect issues. Also, high temperature makes 
the materials requirements, mechanical issues, reliability concerns and thermal expansion 
matching tasks more difficult. Advantages include fuel flexibility, high efficiency and the 
ability to reuse the high quality waste heat. Two of main technical barriers in SOFC 
development are the mismatches between the expansion characteristics of various cell 
components, which lead to cracking and the difficulty in separating fuel and oxidant gas 
streams at high operating temperatures allied to sealing problems.  
The tubular configuration developed by [Westinghouse] Electric Corporation in the late 
1970s is the attempt design to overcome these barriers. The original design used a porous 
calcia-stabilised zirconia support tube. In the tubular design, the seal at high temperature was 
eliminated by channelling fuel and air flow to opposite surfaces of hollow, closed-end tubes. 
Air enters a tube interior from above and fuel surrounds the tube exterior. Oxygen ions 
derived from air stream transport through the solid electrolyte and react with hydrogen or 
carbon monoxide from fuel stream. The mismatches problem between adjacent components 
can be solved by closely matching thermal expansion and by making the various layers of the 
tube grow into each other during fabrication.  
In summary, an SOFC is a kind of advanced electrochemical fuel cell which could operate at 
a high temperature (around 1000°C) and which offers a clean and pollution-free technology; 
it is presently being developed for electric power generation applications with high energy 
conversion efficiency. There are many significant advantages of SOFCs: 
•     A wide range of fuel gases, such as carbon-based fuels, natural gas, etc. can be used in   
SOFC and SOFCs do not contain noble metals, will be leading low cost. 
•     Extremely low emissions by eliminating the danger of carbon monoxide in exhaust gases. 
This is because any CO produced is converted to CO2 at the high operating temperature. 
 •     The technology is most suited to applications in the distributed generation (e.g. 
stationary power) because of its high conversion efficiency. 
 •     SOFCs have a modular and solid state construction without moving parts, which is 
beneficial to indoor installing.  
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•   SOFCs operating at high temperatures can provide both high system operating efficiency 
and high quality heat, which can be used for co-generation or for use in combined cycle 
applications. Currently, SOFCs are the most efficient (fuel input to electricity output) fuel 
cell electricity generators over the world. 
•     SOFCs have an easy handling solid electrolyte which is not corrosive compared to a 
liquid one.  
 •      SOFCs have a potential long life expectancy of more than 40,000–80,000 hours. 
 
              2.1.4 Solid Oxide Fuel Cell Stack Design 
 
In the stack design, most development has focused on the planar and tubular stack design. 
Planar SOFC performance is theoretically better than that of tubular because of the reduced 
in-plane ohmic resistance. In addition, tape casting and other mass production techniques, 
such as plasma-spray and screen printing, can easily be applied to planar SOFC production, 
thus making possible a substantial production cost reduction. On the other hand, the tubular 
configuration with its different geometry is capable of solving the problems related to 
cracking, thermo-cycling, start-up time and sealing. 
 
The performance of an SOFC differs significantly for these two different configurations and 
may be written as: 
                        E= Er – ηact - ηohm – ηconc                                                                                                                  (1.10) 
where E is the reversible stack potential, Er total stack potential, ηact is the electrode activation,     
ηohm is ohmic polarization and  ηconc is mass transport, respectively. 
The ohmic polarization is due to the resistance of the anode, cathode, electrolyte and 
interconnection. For a tubular stack, the large ohmic polarization occurs at the outer electrode 
- either anode or cathode - because the electrons have to pass the long path along the curved 
tubular surface. The inner electrode contributes the second largest ohmic polarization. The 
electrolyte and interconnection will follow these. For a planar SOFC configuration, ohmic 
29 
 
polarization by each component can be different from the tubular design because the current 
density can be taken as uniform and the electrons only pass along the thickness of each layer.   
At a 1000°C SOFC operating temperature, the polarization due to the electrode activation ηact  
is small because of the high electrode kinetics, and mass transport ηconc is small as well 
because of the high mass diffusion coefficients; as a result, the main voltage loss is attributed 
to the ohmic polarization  ηohm.           
The problem with the tubular design from the start is the low power density and the high 
fabrication costs. This is because it has inherently higher resistance losses due to the long 
current paths inside the electrodes and the large voids within the stack structure, leading to a 
maximum potential power density lower than the planar design.                                                                                            
Although SOFCs are increasingly attractive to the utility companies and for distributed power 
generation, they can be accepted only when their cost is significantly reduced and some 
significant technical barriers are overcome.  
 
                     2.1.4.1 Planar solid oxide fuel cell stack design 
  
 Figure 2-4  Planar stack designs       
The simple planar SOFC design is shown in Figure 2-4. This sandwich structure typical 
planar stack is comprised of many thin, flat plates (anode, electrolyte, and cathode). The cell 
components are just flat plates layered in direct contact each other. The planar SOFC can be 
in form of a circular disk or a square plate. Oxygen and fuel flow laterally from manifolds 
then flow through grooves reach to electrodes. The interconnection, which is ribbed on both 
sides, gives enough space for gas flowing, and serves as a bipolar gas separator contacting the 
anode and the cathode of adjoining cells. 
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                     2.1.4.2 Tubular solid oxide fuel cell stack design 
 
In the tubular configuration, cell components are made of tubes and one end is closed. This 
can be more easily sealed than planar ones. The complete stack consists of multiple tubes 
assembled into a bundle and attached to gas manifolds. Electrical contact is through an 
interconnector strip positioned between adjoining tubes. Tubes are connected both in series 
and in parallel to increase voltage and current, respectively.        
                          
               
                         Figure 2-5  Siemens-Westinghouse single tubular SOFC design 
                   
The tubular SOFC can be designed to different geometries and the diameter can be varied 
from a large diameter (more than 15mm tube) to a small diameter (less than 5mm); the latter 
is called a micro-tubular stack [Singhal]. Irrespective of size, their fabrication process and 
stack design is similar. 
Figure 2-5 [Sammes, Pavithra] shows a single tubular SOFC. This single tubular SOFC 
design can be either cathode-supported, anode-supported, or electrolyte-supported. The other 
two components are deposited on to the supported component as substrate.  
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                                                       (a) 
 
                  
 
                                                         (b) 
        Figure 2-6  A single micro-SOFC cell design, (a) Schematic diagram of a  
   SOFC single cell, (b) Schematic diagram for a cross-sectional  
   view of a single cell 
 
Figure 2-6 [Seung-Bok et al] shows a gas supply structure in an anode supported single cell 
for the development of a 700w micro-tubular SOFC stack.  It contains a fuel–gas supply tube 
within a cell. For this cell design, the advantages will be in the area of enhancement of the 
gas utilization efficiency by (a) reducing the gas flow channel within the anode tube, (b) the 
pre-heating effect of the fuel gas using a high-temperature gas supply tube, (c) the metallic 
gas supply tube that serves as an anode current collector which leads to the reduction of 
ohmic resistance of the anode current collector, and (d) a reduction of the stack volume via 
the reduced number of manifolds for the fuel gas. 
 
Anode-supported Tubular Cell 
Ni Felt 
Ni Wire 
Gas Supply Tube 
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  (b) 
Figure 2-7  Tubular stack design 
Figure 2-7 shows a stack contenting 6 single tubular cells. These 6 single cells connect 
together through interconnect parallels. The fuel flows through the gap between each tube 
outer side while the air flow through interior side of tube. The current is collected via an 
interconnect to give a large output. The fuel and air can be easily separated. 
        
(a)                                                        (b) 
        Figure 2-8  (a), Current collector  (b) Tubular stack configuration 
Figure 2-8 shows parts of a design of tubular stack by [Sammes], Y, et al. Figure 2-8(a) 
shows the current collector. As can be seen, the two cylinders of the current collector are 
designed so that one is in contact with the inner part of the cell (the anode) and the other with 
the outer (the cathode), thus every cell of the stack is connected in series. Cells can be 
connected in series or parallel, according to the desired current and voltage characteristics. As 
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a consequence of this configuration, air and fuel can be easily managed and the external 
leakage is mostly limited to air mass loss. 
                                  
Figure 2-9 Schematic of Novel SOFC Tubular Design Configurations [Yanhai, et al] 
 
 
Yanhai, et al. designed another configuration of tubular stack, as shown in Figure 2-9. It can 
be seen that the design arranges a group of different size tubular cells together as a basic 
module, which offers a potential solution. These basic modules can be assembled to make a 
stack with high volumetric packing density. The module can be standardised and controlled 
individually. If one individual module fails, it can be switched off and replaced. Compared 
with a single tube design, this design increases output power by over 40% for a 2-module 
assembly, over 80% for a 3-modules assembly, and 116% for a 5-modules assembly.  
 
 
 
 
 
 
Figure 2-10  The procedure of assembling cube-shaped micro tubular SOFC bundles 
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[Funahashi], et al. designed a novel configuration of SOFC tubular and the assemble 
procedure, as shown in Figure 2-10. A bonding paste for assembling the cubes was prepared 
by mixing LSCF powder (Seimi chemical Co. Ltd.), the binder (cellulose), the dispersant 
(polymer of an amine system), and the solvent (diethylene glycol monobutyl ether). The paste 
was screen-printed on the surface of the cathode matrices, followed by the placement of 5 cm 
long tubular cells with cathode length of 3 cm, before the paste was dried. After the cube was 
assembled by sandwiching the cathode matrices and the tubular cells, the cube was sintered at 
1000◦C for 1 hour in air.  
 
 
Figure 2-11 Fabrication procedure of the bundle with series connection of micro tubular cells 
 
Meanwhile, the same stack design but using a different fabrication procedure was introduced 
by Funahashi as shown in Figure 2-11. The fabrication procedure of the SOFC stack allows 
the series connection of micro-tubular cells inside the matrix. The micro-tubular cells contain 
a dense electrolyte and a porous anode tube. The anode tubes were extruded from  
NiO–Gd0.2Ce0.8 O1.9 (GDC) mixed powder with a binder. After the electrolyte was dip-coated 
on the anode tube with the slurry prepared from GDC powder, they were co-sintered at 
1350°C. Then, using a centre-less grinder, the electrolyte was partially stripped for preparing 
a current collector from the anode. The cathode electrode was dip-coated on the electrolyte of 
the tube using the slurry made from La0.6Sr0.4Co0.2Fe0.8O3–x (LSCF) and GDC powder, and 
then sintered at 1050°C. The stripped part was covered with a silver paste for gas sealing and 
current collecting and was sintered at 900°C. 
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2.2 SOFC materials in electrodes and electrolyte  
 
At the early stages of SOFC research, the materials available were limited for each 
component. Continuous research effort on each of the components resulted in a steady 
progress in quality, size, structures and performance of the SOFC. The proportions and 
structures are very important because these can dominate the final component properties. For 
example, the performance of an SOFC with conventional electro-ceramic materials like 
lanthanum manganite as cathode, YSZ as electrolyte and Ni-YSZ as anode was improved 
from 0.15 W/cm2 to 1.2 W/cm2 by optimisation of processing and microstructure. At different 
operating temperatures, alternative materials can be available. For example, at lower 
temperatures, such as 650°C to 800°C, the cathode materials can be transition metals such as 
cobalt, iron and nickel. These offer higher oxide ion diffusion rates and exhibit faster oxygen 
kinetics than lanthanum manganite. 
Although there are various designs of SOFC, the materials for cell components are the same 
or very similar. The functions and properties must meet the following requirement:  
 Good stability (chemical, phase, morphological, and dimensional) 
 Ionic or electron conductivity 
 Chemical compatibility with other components within the system of SOFC 
 Similar thermal expansion to avoid cracking during the cell operation 
 Dense electrolyte to prevent gas mixing 
 Porous anode and cathode to allow gas transport to the reaction sites 
 High strength and toughness properties 
 Fabricability 
 Amenable to particular fabrication conditions 
 Compatibility at higher temperatures at which the ceramic structure are fabricated 
 Low cost 
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Table 2-1      Typical Materials for Tubular SOFC components [Xiaoguo, Sammes, Frank, et al] 
 Electrolyte Cathode Anode Interconnect 
Materials • YSZ (Yttria-Stabilized-Zirconia, 
8mol%Y) 
• ZrO2 
• Bi2O3 
• Sr-and Mg-Doped LaGaO3 
• (Y2O3)0.15(CeO2)0.85 or YDC (Y-
Doped CeO2) 
• SDC (Sm-Doped CeO2) 
• GDC (Gd-Doped CeO2) 
• LSGMC ((La,Sr) (Ga, Mg, Co) 
O3) 
• ScSZ 
• LSM 
• LSM/ZrO2 
• LSN (Sr-Doped 
La2NiO4) 
• LSCF (Lanthanum 
Strontium Cobaltite 
Ferrite) 
• LaMnO3 
• LaCoO3 
• SSc ((Sm, Sr)CoO3) 
• LSM-YSZ 
• Ni-YSZ 
• LSCF 
• Ni/ZrO2 
• NiSDC (Ni-(Ce, 
Sm) O2) 
• NiO/CeO2 
• Ce2O3 (Copper 
with ceria) 
• TiO2-based 
system 
• (La,Sr)TiO3 
• LaCrO3 (HT SOFC) 
• Mg-Doped Lanthanum 
Chromite (10mol% Mg) 
LaCr1-xMgxO3 (x=0.02-
0.1) 
• Metallic interconnect 
materials:   
• Ferritic stainless steels 
• Austenitic stainless 
steels 
• Ni-based superalloys 
• Sintered metal powders 
(e.g. ODS (Cr5FeY)) 
 
Typical tubular SOFC materials for anode, cathode and electrolyte are listed in Table 2-1. The required properties and more details for each 
component are discussed in the following sections. 
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               2.2.1 Electrolyte materials 
 
The solid ceramic candidate electrolyte materials already mentioned are the oxides of 
lanthanum, zirconium, yttrium, samarium, europium, terbium, ytterbium, cerium and calcium. 
The most popular material is Yttria-Stabilized Zirconia (YSZ) because it is an oxygen ion 
conductor at the operating temperatures and has other suitable properties such as chemical 
stability and mechanical strength. The structure of pure zirconium oxide is a monoclinic 
crystal at room temperature and transitions to tetragonal and cubic at increasing temperatures. 
The volume expansion via cubic or tetragonal to monoclinic induces very large stresses 
which cause zirconium oxide crack upon cooling from high temperatures. Yttrium is added to 
zirconia to stabilize the tetragonal or cubic phases. The addition of yttria to pure zirconia 
replaces some of the Zr4+ ions in the zirconia lattice with Y3+ ions. This produces oxygen 
vacancies, as three O2- ions replace four O2- ions and so permits yttria stabilized zirconia to 
conduct O2- ions. Oxide ion transport occurs between vacancies located at tetrahedral sites in 
the perovskite lattice, and the process is now understood at the atomic and molecular level. 
This ability is increased with temperature - the ionic conductivity of YSZ is 0.02 S/cm at 
800°C and 0.1 S/cm at 1000°C. In this temperature interval the highest O2- ions conductivity 
is obtained with 8-10 mole% yttria. This is the reason many SOFCs operate in the high 
temperature range -around 1000°C. Also, reducing the oxygen ion conducting distance makes 
more materials available for other parts of fuel cells – for example, the interconnect could be 
replaced by a cheaper grade of stainless steel.  Reducing the thickness of the YSZ electrolyte  
(<10 µm) also allows reduced operating temperatures and low resistance. [Xiaoguo, Sammes]  
Another result of reduced operating temperature is to use electrolyte materials other than 
YSZ – for example, ceria-based electrolytes such as cerium oxide doped with gadolinium, 
(Ce0.90Gd0.10)O1.95  (GDC), allows the cell operating temperature to be lowered to around 
500°C. La0.9Sr0.1Ga0.8Mg0.2O3 (LSGM) can also be considered as an electrolyte material due 
to its excellent O-2 ion conduction. Since Ga+ and Mg+ are stable, therefore, substitution of 
Mg by Mn in LSGM has been explored as a possible anode material. LSGM could be more 
appropriate to use at temperatures around 600°C but it does not seem to be stable at lower 
temperatures.[Goodenough, Steele, et al] The electrolyte for the Northwestern device contain 
three layers of catalytically active oxide, which is YSZ in the middle, bismuth oxide on the 
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cathode side, and cerium oxide (ceria) on the anode side. The advantage of this multilayer 
electrolyte is that it has lower resistance than YSZ alone.[Douglas]  
Scandia-Stabilized Zirconia (ScSZ) and cerium oxide doped with samarium, 
(Ce0.85Sm0.15)O1.925 (SDC) have been identified as alternative materials for the electrolyte at 
intermediate temperatures due to their high ionic conduction, low electronic conduction and 
good chemical stability.[Park, et al ]  
The other common used oxide based ceramic electrolytes include: 
 Cerium oxide doped with yttrium-doped ceria, (Ce0.85Y0.15)O1.925, (YDC) 
 Ceria doped with calcia, (Ce0.88Ca0.12)O1.88,  (CDC) 
 Lanthanum gallate ceramics 
 Bismuth Yttrium Oxide, (Bi0.75Y0.25)2O3, (BYO) 
 Barium Cerate, (Bi0.75Y0.25)2O3 (BCN) 
 Strontium Cerate, Sr(Ce0.95Yb0.05)O3 (SYC) 
Although research continues into the synthesis of alternative oxygen-ion conducting 
electrolytes, it is difficult to create alternative materials with an appropriate combination of 
properties to replace the traditional YSZ and CeO2. 
 
               2.2.2 Anode characteristics and its materials  
 
The anode material must be compatible with the electrolyte and interconnect on chemical 
stability and thermal expansion. The anode provides a means for transport of the fuel gas, 
waste product gas, oxygen ions from the electrolyte (which enhance the triple phase area) and 
electrons to the interconnect. Thus the anode has a high porosity (20% - 40%) so that mass 
transport of reactant and product gases is not inhibited. In addition, the anode needs 
compatibility of coefficient of thermal expansion with the electrolyte and the catalytic 
properties of the anode to the fuel oxidation reaction are also important, particularly as the 
operating temperature is decreased. In addition, the ability to withstand versatile fuels and 
impurities and to be cost-effective is always a factor for commercialisation.  
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Nickel-YSZ composites are the most commonly used anode materials for SOFCs. Nickel is 
an excellent catalyst for fuel oxidation and a good electrical current conductor. As well as 
being a catalyst for hydrogen oxidation, it is also suitable for the steam reforming of methane 
and the formation of carbon from hydrocarbons. Nickel in the composites must be at least 30% 
by volume in order to maintain adequate and consistent electronic conductivity; in practice, 
the optimal nickel content is about 35 vol% in order to balance the requirement for electron 
conduction and the thermal expansion match with other SOFC components. To satisfy this 
latter requirement, YSZ is added to provide a thermal expansion coefficient comparable to 
that of the electrolyte. Another problem for nickel is coarsening of its microstructure due to 
grain growth at SOFC operation temperatures. YSZ prevents nickel aggregation and 
constrains sintering of the nickel particles. YSZ also provides better adhesion of the anode 
with the electrolyte. The nickel-YSZ composite remains the most commonly utilised anode 
material for SOFCs and is satisfactory for SOFC operating on clean and reformed fuel.  
 
A small amount of ceria can be added to the nickel-YSZ cermet to improve the tolerance of 
the anodes to temperature cycling and redox. Gd-doped ceria mixed with YSZ and various 
TiO2-based systems have been tried in an attempt to promote the direct oxidation of methane. 
Using these mixed conductors as anodes provides a means of extending the three-phase 
boundary between reactant-anode-electrolyte. 
 
 Many perovskite-related structures materials are being investigated for anode material 
[Fergus]. The most commonly used perovskites are titanates and chromites. Strontium 
titanate (SrTiO3) has the properties of a good electronic conductor, Lanthanum-strontium 
titanate also has good resistance to sulphur (a problem with many fuels). Lanthanum chromite 
(LaCrO3) doped with strontium does not catalyse carbon deposition and thus is a potential 
anode for the direct oxidation of methane. In addition, other perovskites such as lanthanum 
vanadate doped with strontium good sulphur tolerance and gallates and niobates have been 
investigated as potential anode materials as well. 
 
Cubic fluorite structures materials such as Zirconia-based and Ceria-based were investigated 
to be used in anode through inherent reduction of one of the ions or through doping. 
Electronic conduction is generally attributed to a reduction of Ce+4 to Ce+3.  
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One of the other crystal structures used for anodes is the pyrochlore structure. For example, 
the conductivity of pyrochlore Gd2Ti2O7 can be increased when Ti is replaced with Mo or Mn. 
Other structures investigated are the tungsten bronze structure, some Nb-Ti-O compounds 
and bismuth oxide (Bi2O3-Ta2O5) which is a potential electrolyte material but can be 
conductive at low oxygen partial pressures so is a candidate anode material. 
 
               2.2.3 Cathode materials 
 
The cathode is normally the air electrode, where the oxygen reduction reaction happens. The 
oxygen in gas phase consumes two electrons, and is reduced to oxide ions. Similar to the 
anode, the cathode is a porous structure that must allow rapid mass transport of reactant. 
The most common cathode material is lanthanum manganite suitably doped with alkaline or 
rare earth elements such as strontium. Examples are strontium-doped lanthanum manganite 
(La0.84Sr0.16)MnO3 and lanthanum calcium manganite, LaCaMnO3 (LCM). They offer 
excellent thermal expansion which matches with zirconia electrolytes, and provide good 
performance at operating temperatures above 800°C. 
                                  
                   Figure 2-12  The perovskite lattice structure  ABO3 
 
The perovskite lattice structure is shown in Figure2-12. This oxide consists of three elements, 
large cations An+, the small cations, B(6-n)+, and the oxide ions, O2-, where n is the positive 
charge of A, cations B(6-n)+ are surrounded by 6 O2-. 
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Lanthanum Strontium Cobaltite Ferrite (LSCF) is being investigated as cathode material due 
to its high conductivity, good oxygen exchange kinetic, low polarization resistance and good 
catalytic activity for methane conversion.  
 
               2.2.4 Interconnection materials 
 
Interconnection provides the electrical connection between the adjacent cells – this is 
required to give a large power output [Xiaoguo]. An interconnect must be stable toward any 
sealing materials which contacts it for hundreds of thermal cycles. It must be chemically 
compatible with electrical contact materials for minimising interfacial contact resistance. As a 
result, an interconnect should possess properties such as good surface stability (resistance to 
oxidation and corrosion), a thermal expansion which matches adjacent components, high 
electrical conductivity and reliability and durability[Yang, et al]. 
A common material for the interconnect is Mg-doped lanthanum chromite (LaCr1-xMgxO3 
where x = 0.02-0.10). At a high temperature of around 1000°C the perovskite phase of 
lanthanum chromite is stable but has a low electrical conductivity of around 0.6 S/cm. The 
Mg doping in small proportion increases significantly the electronic conductivity to 2 S/cm. 
However, the conductivity is still at a low level, therefore materials with higher electronic 
conductivity would be desirable. The oxidation/heat resistant alloys include nickel-based, 
iron-based and cobalt-based superalloys; chromium-based alloys and stainless steels can also 
be alternative materials for interconnects. In superalloys, chromium can be added to ensure 
successful long-term exposures. In many traditional alloys, aluminium is added to maximise 
electrical conductivity and enhance resistance to oxidation and corrosion. 
 
2.3 SOFC traditional fabrication techniques 
 
Many techniques have been investigated in the fabrication of components of an SOFC 
including screen printing, tape-casting, dip coating, gelcasting, extrusion, thermal spraying, 
Physical Vapour Deposition (PVD) and Chemical Vapour Deposition (CVD). Will, J. et al 
reviewed different thin-film deposition methods for oxides, especially for stabilized zirconia. 
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All these techniques and operation methods will be described in this review. Some of these 
techniques are only used to fabricate planar SOFCs so far, but others can be altered or 
upgraded for tubular SOFC. Other methods such as dip coating, gelcasting, extrusion, thermal 
spraying, PVD and CVD can be used to fabricate both planar and tubular SOFC.   
1). Screen printing 
 
                                             
(a)                                                                (b) 
          Figure 2-13 (a) A typical screen equipment   (b) Principle sketch of screen printing                                   
               [http://forum.xcitefun.net/principles-of-screen-printing-t14390.html] 
 
The basic parts of screen printing (Figure 2-13) consist of the substrate, a squeegee, material 
to be deposited and a stencil which consists of a frame and an attached mesh.  The mesh was 
once made of silk, so silk screen printing is the first name of screen printing. Nowadays the 
mesh is made from polyester, stainless steel or nylon. The mesh is attached under tension 
onto a frame which is typically made from wood, steel or aluminium. The frame is 
sufficiently strong to withstand the tension when the mesh is stretched and approaches 
substrate. The squeegee deflects the mesh and let it contact with substrate. It is held at an 
angle of typically 75 degrees to the horizontal.  
The process involves pouring the depositing ink on one side of the screen; the squeegee 
should then be pressed firmly to the mesh and the mesh pressed to substrate. A steady and 
smooth pressure along the length of the squeegee and full contact between mesh and substrate 
over the whole area must be ensured. The material slurry will permeate the mesh and deposit 
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onto the substrate. More passes can be applied to give a thick deposition. Finally, the 
substrate with deposition can be treated depending on the situation. 
For SOFC fabrication, the material slurry can be varied from each component which the 
different composition required.  For example, Koide et al. fabricated anodes by the screen 
printing. The mixtures of nickel powder (diameter 1 micron) and YSZ powder (diameter 0.1 
micron) was prepared first, and then the anode slurry was made by adding ethanol, polyvinyl 
butyral and terpineol. Finally, the slurry was applied via screen printing to fabricate the anode 
[Koide, et al]. After screen printing, the substrate is heated to dry the deposition, and then 
sintering can be applied to obtain the final component. 
 
                     
            Figure 2-14  A schematic preparation procedure for the cermet anode 
The typical screen printing anode fabrication procedure reported by Lee et al. is illustrated in 
Figure 2-14. Nickel and YSZ mixture powder was dispersed in turpentine oil to prepare the 
slurry. After screen printing, the anode was heated in air and reduced with hydrogen. The 
final anode thickness was about 30-40 microns. 
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2). Tape-casting 
 
                  
                         Figure 2-15  Casting head of the tape-casting bench 
Tape-casting is a process used in the manufacture of thin ceramic tapes from a ceramic slurry. 
The basic structure of tape-casting head is shown in Figure 2-15. It consists of a blade and 
tape which are moved in opposite directions to each other. The thickness can be controlled by 
adjusting a series of parameters such as the movement speed, the gap height and flow rate. 
Thinner tapes can be produced with a higher speed and a smaller gap. The tape thickness can 
vary between 5 microns and 1 mm. The resulting green tape will then be treated by various 
methods depends on materials types but will require sintering for SOFCs. 
SOFC components fabricated successfully by tape-casting were investigated by Simwonis et 
al. The results show that the green tape microstructure was influenced by a series of 
parameters such as powder characteristic, organic additive and tape-casting equipment. After 
tape-casting, the green tape was sintered to obtain the finished component, which exhibited a 
uniform and finely porous structure but one with poor electrical conductivity. 
3). Dip-coating 
Dip-coating is a popular way of creating thin films. A uniform film can be applied onto flat or 
cylindrical substrates. In this process, the substrate is immersed in the slurry of the coating 
materials at a constant speed. A thin coating deposits on the substrate which is then 
withdrawn at a constant speed and which determines the coating thickness. Finally, this green 
coating will be sintered. 
 
Direction 
of feed 
Ceramic 
slurry 
Substrate 
Chamber 
Gap 
height 
Green ceramic tape 
Blade 
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Sammes et al. reported the successful fabrication of a micro-SOFC using a dip-coating 
method. The electrolyte was fabricated by dip-coating following by sintering.  
4). Gel-casting 
This process starts with a ceramic slurry being poured into a mould; it is then polymerised to 
form a strong, cross-linked solvent-polymer gel filled with the ceramic powder. This green 
body is then sintered.  
Gel-casting is a highly versatile fabrication process and complex-geometries can be 
fabricated. Dong et al. reported that tubular SOFC anodes were successfully fabricated by 
gel-casting successful. Ni/YSZ powders were mixed in ethanol and ball-milled for 24 hours. 
PVA was added to enhance the dispersal of the particles and starch added to form pores for 
gas channels. This slurry was poured into mould at 80°C. After polymerisation, the green 
body was de-moulded, followed by drying at room temperature under 90% RH to avoid 
cracking. It was then sintered at 1400°C for 5 hours then reduced at 750°C in hydrogen for 5 
hours. Finally, the anode contained 39.6% porosity, its bending strength was 112.8 MPa and 
its electrical conductivity was 482 s cm-1, which meet the requirements for SOFC.  
5). Extrusion 
                                 
                          Figure 2-16  Schematic of the extrusion process 
Extrusion is a process used to create a product with a fixed cross section; it can be a very 
complex shape. A schematic of the extrusion process is shown in Figure 2-16. It consists of a 
push ram and a die with an extrusion opening. The material is placed in the die and pushed or 
drawn through the opening to the desired cross section. High-quality ceramic products have 
been made by extrusion since 1970s.   
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An SOFC made from extruded YSZ tubing around 1mm diameter was first made in 1990 
[Kendall]. For anode-supported SOFCs, the anode can be fabricated by extrusion, followed 
by coating with the electrolyte and cathode. This was reported by authors such as Suzuki  and 
McPhee, et al. 
6). Thermal spraying 
Thermal spraying is a coating technique in which a device sprays a materials onto a surface 
through the air. Coating materials are heated by electrical (plasma or arc) or chemical means 
(combustion flame) before spraying.  
In this process, coating materials in powder, wire or rod form are heated to a molten or soft 
state and accelerated towards and adhere to a substrate. This forms a coating where millions 
of particles are deposited on top of each other and these particles are bonded to the substrate 
by mechanical interlocking between the surface asperities. 
High processing temperatures allow deposition of many high melting point materials onto a 
relatively cold substrate. The fundamental principles of all thermal spraying processes are 
similar and are shown in Figure 2-17. These processes can provide a range of coating 
thickness - from 20 microns to several mm depending on the process and materials. 
Benyoucef reported on the Ni/YSZ anode cermet structure and thermal stability at different 
heat treatment temperatures. The cermet is deposited by plasma spraying with optimised 
conditions. The results showed that the Ni-YSZ cermet exhibited a good microstructure and 
porosity for an SOFC anode application and the cermet with the lowest amount of nickel with 
a heat treatment at 800°C exhibited good thermal stability. 
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Figure 2-17 Schematic of thermal spraying 
(a) HVOF, (b) Plasma spraying, (c) Arc spraying, (d) Flame spraying 
[http://www.sulzer.com/en/Products-and-Services/Coating-Equipment/Thermal-
Spray/Processes/Combustion-Wire] 
 
 
(a
) 
(b 
(c 
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7). Physical Vapour Deposition (PVD) 
PVD is fundamentally a vaporisation coating technique and involves a purely physical 
process. It is a general term used to describe any of a variety of methods to deposit thin films 
by the condensation of a vaporised form of the material on an atomic level onto substrate. 
The basic processes are carried out in vacuum condition and involved three steps which are 
evaporation, transportation and deposition. During the evaporation step, a target which is the 
material to be deposited is bombarded by a high energy source such as a beam of electrons or 
ions. As a result, the atoms are dislodged from target surface. In transport step, the dislodged 
atoms move from the target to the substrate through the vacuum chamber. Finally, the 
dislodged atoms build up on the substrate surface form a thin film coating in deposition step. 
One advantage is the complex outer surface geometry that can be deposited by PVD but the 
inner surface cannot be achieved. PVD is an environmentally friendly vacuum coating 
process and variations of PVD include evaporative deposition, electron beam PVD and 
sputter deposition.  
 
Evaporative deposition involves two basic processes which are when a hot source material 
evaporates and condenses on the substrate. The target is evaporated by heating in a vacuum. 
The vacuum allows vapour particles to travel directly to the substrate where these particles 
condense back to a solid state to form a thin film coating.  
Electron beam PVD process is that a target anode is bombarded with an electron beam given 
off by a charged tungsten filament within high vacuum environment. The electron beam 
causes atoms from the target to transform into the gaseous phase which condense back to a 
solid state to form a thin layer on everything in the chamber. The deposition rate in this 
process is from 1 nm per minute to few micron per minute.  YSZ electrolyte coating with 11 
micron thickness was fabricated by He [He, et al]. This YSZ coating exhibited a typical 
columnar structure and the electrical conductivity is anisotropic at direction of perpendicular 
and parallel to coating surface. This value was close to the critical value of YSZ electrolyte 
required for SOFC. TH et al found that YSZ electrolyte with 12 micron thickness showed a 
nano-scaled columnar structure depending on the substrate temperature [TH, et al]. 
In the sputter deposition process, atoms are ejected from a solid target by high energy ions, 
(which are commonly argon), provided by a high voltage bombardment in a vacuum chamber. 
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These high energy ions induce atoms at the surface of the target to be ejected or sputtered. 
These sputtered atoms form a thin film coating after condensing on the substrate.  Jou et al. 
fabricated an SOFC anode by the sputter deposition of nickel and YSZ, following annealing 
in air at 900°C. The pore and grain sizes of the porous Ni-YSZ films are tens of nanometres. 
An SOFC with 0.7 micron thick anode will produces 0.38 mWcm-2 of power density [Jou, et 
al]. 
8). Chemical Vapour Deposition (CVD) 
Chemical Deposition Technique (CVD) is a chemical process in which one or more gaseous 
precursors form a solid material by means of an activation process. A high purity and 
performance solid coating can be achieved. In a typical CVD process, the substrate is 
exposed to one or more volatile precursors, these precursors react and decompose on the 
substrate to produce the desired coating. CVD has been widely used for fabricating micro-
electronics. Electrochemical Vapour Deposition (ECD) is a modified CVD process which 
wildly used to produce uniform and gas tight layers of YSZ and interconnect materials for 
SOFC.   
CVD processes employed to prepare oxygen ion transport membranes began as early as the 
1970s for YSZ electrolyte in SOFC, developed by the [Westinghouse] Electric Corporation. 
 
 
 
              
Figure 2-18       Schematic illustration of the CVD apparatus 
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CVD techniques have been developed at G.Y. Meng’s laboratory to prepare ceramic thin 
films mainly used as electrolyte and electrode materials for intermediate temperature and 
micro solid oxide fuel cell [Guangyao, Schlupp, et al]. A schematic illustration of the CVD 
apparatus is shown in Figure 2-18. The product of CVD is highly dense, uniform and pure, 
has good reproducibility and adhesion. CVD can coat complex shaped components, and has 
the ability to control crystal structure, surface morphology, and orientation by process 
parameters. A wide range of chemical precursors can be used and the deposition rate is 
flexible for thickness or specific application. However, CVD has to be operated using 
flammable, toxic, corrosive, or explosive precursors and has limitations when doing multi-
component materials, or different vaporisation rates. 
 
                      
Figure 2-19    Scanning electron microscopy of the ULSM substrate as sintered (left side) and 
screen printed GCO buffer layer (right side). 
Seydel et al. fabricated a thin granular YSZ electrolyte by CVD on a porous cathode substrate. 
The results showed a sufficient density and crack-free granular YSZ films were obtained 
successfully. The substrate was a porous sub-stoichiometric Lanthanum–Strontium–
Manganite (ULSM) solid oxide fuel cell cathode substrate. The substrate porosity was 
optimised with a screen printed fine porous buffer layer. Structural analysis by scanning 
electron microscopy showed a homogeneous, granular nano-crystalline layer, and is shown in 
Figure 2-19. Then the thin granular YSZ with nano-size electrolyte layers were deposited by 
CVD. 
 
  
51 
 
                                                         
(a)                                                                        (b) 
Figure 2-20 (a) Scanning electron micrographs of a granular nanocrystalline Yttrium 
Stabilized Zirconia (YSZ) film deposited on untreated edge of ULSM substrate,                    
(b)  YSZ film deposited on a screen printed buffer layer. [Seydel] 
 
Figure 2-20 (b) shows the YSZ film deposited on the GCO buffer layer with a reduced pore 
size compared with Figure 2-20(a) ULSM substrate. The YSZ film with a thickness of 5µm 
consists of 30 nm particle agglomerated with primary grain sizes between 12 and 15 nm. The 
layer grew to a dense structure and showed a decreased roughness below 1µm in comparison 
with the estimated roughness 3µm of the ULSM substrate. The deposition time of the 
experiment was 45 minutes. 
 
2.4 Chapter Summary 
This comprehensive chapter details the work previously carried out on solid oxide fuel cells. 
It details the designs and classification of these cells – especially planar and tubular designs – 
and highlights the range of fuels, stack designs and configurations and describes and 
compares eight current processes for manufacturing these fuel cells. Materials suitable for 
anodes, cathodes, electrolytes and interconnects are also outlines. 
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CHAPTER 3 RESEARCH METHODOLOGY 
 
3.1   SOFC novel fabrication techniques 
 
             3.1.1 Electroless plating  
 
Electroless plating, also known as chemical or auto-catalytic plating, is a non-galvanic type 
of plating method that involves several simultaneous chemical reactions in an aqueous 
solution occurring without the use of external electric current. 
[http://en.wikipedia.org/wiki/Electroless_plating#Electroless_plating] 
The solutions contain a source of the metal to be deposited, a chemical reducing agent, 
complexants (which promote homogenous deposition of metal hydroxides and precipitation), 
buffers (as stabilisers to prevent spontaneous decomposition of the solution), accelerators to 
increase plating rate and others such as wetting agents, brighteners. 
The chemical reaction is accomplished when hydrogen is released by a reducing agent. The 
autocatalytic deposition method enables metal coating onto a non-conductive substrate. The 
deposit is itself catalytic thus the reaction is self-perpetuating.  The coating can thus be built 
up to significant thickness and good adherent. Typical metals to be deposited by electroless 
plating are Nickel, Cobalt, Copper, and Platinum. 
Electroless plating can be performed by two different processes which are autocatalytic 
plating and ion exchange plating. Autocatalytic plating is mostly applied to nickel and copper 
while ion exchange plating is used for tin, copper and aluminium. In autocatalytic plating, the 
three processes involved are immersion plating, homogenous chemical reduction and 
autocatalytic deposition. 
Immersion plating involves a substrate immersed into chemical solution. In the case of 
homogenous chemical reduction a chemical reagent provides electrons for reduction of metal 
ions, to deposit onto a substrate.  Thicker coatings can be deposited by this method, but there 
are still adhesion issues.  Another disadvantage of this process is that the metal ion solution 
and the chemical reducer must be kept separate otherwise they immediately react.   
Autocatalytic deposition utilises chemical reducing agents to provide the electrons for plating, 
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but the treatment solutions are formulated to deposit onto naturally catalytic surfaces, or ones 
which can be rendered catalytic.  
An example of electroless plating is when steel (iron) is immersed into a solution of copper 
ions and the copper is deposited onto the steel substrate.  When an iron substrate is immersed 
in a solution of copper sulphate or silver nitrate, the iron dissolves while the copper or silver 
is plated onto the surface of the substrate. The process can be explained scientifically in terms 
of the electrochemical series which predicts the course of a reaction when two redox systems 
with different values of standard electrode redox potential Eo, are brought into contact.  
Table 3-1  The values of standard electrode redox potentials Eo in volts 
[http://en.wikipedia.org/wiki/Standard_electrode_potential_(data_page)] 
Reaction Potential Eo (V) 
Ag+ +  e− Ag(s) +0.7996 
Ag2+ +  e− Ag+ +1.98 
Au+ +  e− Au(s) +1.83 
Au3+ + 3 e− Au(s) +1.52 
Cu+ +  e− Cu(s) +0.520 
Cu2+ + 2 e− Cu(s) +0.340 
Cu2+ +  e− Cu+ +0.159 
Fe2+ + 2 e− Fe(s) −0.44 
Fe3+ + 3 e− Fe(s) −0.04 
Pd2+ + 2 e− Pd(s) +0.915 
Zn2+ + 2 e− Zn(s) −0.7618 
Hg2+ + 2 e− Hg(l) +0.85 
Na+ +  e− Na(s) -2.71 
Ni2+ + 2 e− Ni(s) -0.25 
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SO42− + 4 H+ + 2 e− SO2(aq) + 2 H2O +0.17 
 
The most electropositive redox system will be reduced (deposition), while the most 
electronegative will undergo oxidation (dissolution). The values of standard electrode redox 
potentials are given in the table above in volts relative to the standard hydrogen electrode and 
are for the following conditions: 
• A temperature of 298.15 K (25 °C); 
• An effective concentration of 1 mol/L for each aqueous species or a species in a 
mercury amalgam; 
• A partial pressure of 101.325kPa (absolute) (1atm, 1.01325 bar) for each gaseous 
reagent. This pressure is used because most literature data are still given for this value 
rather than for the current standard of 100 kPa. 
• An activity of unity for each pure solid, pure liquid, or for water (solvent). 
Legend: (s) – solid; (l) – liquid; (g) – gas; (aq) – aqueous; (Hg) – amalgam 
Table 3-1 indicates that the standard electrode redox potential for silver (Eo = +0.799 V) or 
for copper (Eo = +0.34 V) is more electropositive than that for iron (Eo = -0.44V). Therefore, 
the reactions occurring on the surface of the iron substrate are as follows: 
Anode:  Fe → Fe + 2e- 
Cathode:  Cu2+ + 2e → Cu 
or  2Ag+ + 2e- → 2Ag 
 
The surface of the metallic substrate consists of a mosaic of anode and cathode sites and the 
process will continue until almost the entire substrate is covered with copper or sliver. 
One electroless plating application on an SOFC cathode was researched by Zhou et al. Silver-
modified Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) cathodes for an intermediate-temperature SOFC 
were prepared by electroless plating using N2H4 as the reducing agent at room temperature. 
The silver-modified BSCF and firing temperatures were found to have a significant impact on 
the electrode performance, which could facilitate or block the electrochemical processes of 
the BSCF-based cathodes. From Figure 3-1, it can be seen that the Ag particles are uniformly 
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dispersed on the surface of BSCF, so they possess quite a number of active sites. Silver 
particles can be sintered at the higher temperatures. The fine Ag grains grow to coarse ones 
and the active sites of BSCF covered by the Ag were re-exposed to air as the temperature 
increased. These exciting results make this technique very promising for the application in 
reduced-temperature SOFCs. 
 
Figure 3-1 (a) the cross-section of BSCF, (b) surface of BSCF, (c) the cross-section of silver-
modified BSCF, (d) surface of silver-modified BSCF 
 
             3.1.2  Electroless nickel plating  
 
Electroless nickel plating is a popular method of coating a non-conductive substrate with a 
nickel layer without the involvement of external electricity. The plating is carried out by 
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means of an autocatalytic reaction which does not require an external electrical current source 
and it is an autocatalytic chemical reduction method.  
During this procedure, the metallic Ni2+ nickel ions are reduced to metal nickel. The metal 
nickel only deposits on a specific surface where the catalyst is present before the beginning of 
reaction. The autocatalytic nature of the process indicates that the plating is continued as long 
as the substrate is immersed in the plating bath. A unique feature is that unlimited nickel film 
thickness will be formed without applying a current to the substrate.  
Electroless nickel plating is a series of steps used to achieve a metal coating, which involves 
different concentrated liquids. The compound of concentrates including a nickel salt, various 
complexing agents, buffering agents and stabilizers, comprises the nickel sulphate plating 
bath. There are three types of electroless nickel plating which are nickel-phosphorus, nickel-
boron and poly alloys. The nickel phosphorus is the most widely used method in electroless 
nickel plating. The deposits typically contain 2 – 14% by weight of phosphorous, depending 
on the plating solution type. The non-conductive substrates to be coated are submerged in the 
nickel plating bath and deposited by the catalytic reduction of nickel ions with sodium 
hypophosphite. In the aqueous nickel solution, chemical redox reaction occurs between the 
combination of nickel ions and reducing agent which generates nickel deposition. The overall 
reaction for nickel-phosphorus can be written as:          
        2NiSO4+2NaH2PO2+2H2O→(Heat+Catalyst)→2Ni Plating+2NaHPO3+2H2SO4 + H2 
The procedure of electroless nickel plating contains three chemical steps, which are 
sensitization, activation and deposition. These three successive actions comprise all chemical 
reactions required in electroless nickel plating. During sensitization and activation, the non-
conductive substrate will be catalysed. The deposition procedure is to deposit the nickel onto 
the substrate surface. 
In the stage of sensitization, the non-conductive substrate absorbs the Sn2+ ions from the 
stannous solution. In the stage of activation, a nucleation effect is performed on the sensitized 
substrate in the acid palladium chloride solution, where the sensitized substrate carries 
stannous (Sn2+) ions and reacts with palladium (Pd2+) ions.  
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In the deposition stage, a nickel salt (e.g. nickel chloride), a reducing agent (e.g. sodium 
hypophosphite) and a stabilizer in strong alkaline comprise a complex nickel plating bath. 
The autocatalytic reaction between the nickel ions and reducing agent in the nickel plating 
solutions results in electroless nickel plating. After this stage, nickel particles are adhered on 
the substrate surface.  
Table 3-2  Effect of Temperature on electroless nickel plating process 
Temperature oC Deposition Rate, µm/hour Phosphorus content of 
deposit 
85 6 13.5% 
90 13 10.4% 
95 20 10.2% 
The electroless nickel plating operating temperature is around 90oC. However, different 
temperatures have different effects on the coating, as shown in Table 3-2. 
Electroless nickel plating is used extensively within industry and the most prevalent 
electroless coating is used for engineering purposes.  It has some unique physical properties, 
including excellent corrosion, wear and abrasion resistance, ductility, electrical properties, 
higher hardness and good solderability.   
The electrical behaviour of nickel coated YSZ cermet prepared by the electroless coating 
technique was investigated by Pratihar et al. Bulk samples were prepared using these nickel 
coated YSZ powders by uniaxial pressing followed by sintering in the temperature range 
1200–1350◦C with a soaking time of 2–6 hours. The concentration of nickel was varied 
between 7.23 and 49.70 wt%.  
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Figure 3-2 Optical micrographs of Ni/YSZ cermet containing: (a) 27.04 wt%, (b) 38.85 wt% 
and (c) 49.70 wt% Ni prepared with YSZ powder. Magnification 400× 
Figure 3-2 shows YSZ grains surrounded by nickel containing 27.04 wt%, 38.85 wt% and 
49.70 wt% nickel respectively. The grey particle represents YSZ grains, while the white rings 
around it represent the nickel. This nickel ring formation around the YSZ particles confirms 
the coating of the metallic nickel by the electroless technique. It has been found that the 
complete coverage of the YSZ surface with metallic nickel takes place begin from 27.04 wt% 
nickel and nickel distribution over the particle surface is very fine and uniform. As a result of 
that, all the samples containing 27.04 wt% or more nickel shows metallic behaviour. 
Meanwhile, the electrical conductivity of nickel/YSZ cermet is strongly dependent on its 
nickel content. 
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             3.1.3 Electroless nickel co-deposition process 
 
                                  
Figure 3-3  Mechanism of electroless co-deposition 
In electroless co-deposition, nickel and other particles are simultaneously deposited onto a 
substrate to build a composite coating. The composites are able to contain fluoropolymers, 
such as Polytetrafluoroethylene (PTFE), natural and synthetic (polycrystalline) diamonds, 
ceramics, chromium carbide, silicon carbide, and aluminum oxide. One commonly used 
composite material in an electroless nickel plating bath is PTFE. In order to enable 
dispersions of PTFE particles (or other co-deposited materials) to perform adequately in the 
plating bath, surface active agents must be added to the bath. Figure 3-3 shows a mechanism 
of electroless nickel co-deposition. The nickel ions will absorb and trap the particles added in 
the bath and bring them onto the substrate. The coating will be affected by several factors 
such as agents, particles loading, particles size, temperatures, pH value and particles suspens 
by different stirring methods.  
 
The complexing agents in the bath have an important effect on the final coating. The co-
deposition behaviour and mechanism of nano-diamond plated onto nickel films via 
electroless nickel co-deposition was investigated by Matsubara, et al. With the variation of 
complexing agents, various composite films with 0.9–8.0% nano-diamond were plated from 
electroless nickel plating baths which contained the same amount of nano-diamond - 5.0 g 
dm-3) and sodium hypophosphite. In addition, composite films with 0–14% nano-diamond, 
were successfully fabricated from the bath which contained only citrate as a complexing 
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agent. When the adsorbed amount of Ni-complex on the nano-diamond particles was large, a 
large amount of nano-diamond was co-deposited with the nickel.  The interaction between the 
particle surface and metal ion is very important for the composite plating of the nano-
diamond, which has an extremely large specific surface area. 
The particle loading in the plating bath is another important factor to affect the final coating. 
C.M. Das, etc. investigated the enhancement of wear resistance by co-depositing silicon 
nitride (Si3N4) which possesses high hardness and chemical inertness. Results showed 
increasing silicon nitride amount in coating upon increasing temperature, pH and bath 
loading. The highest silicon nitride amount of 4 wt% was obtained at 10 g/l of suspension.  
Optimum concentration for desired uniform distribution of Si3N4 particles throughout 
electroless nickel matrix was 2.9 wt%. At higher incorporation, clustering of Si3N4 particles 
was observed. 
Another problem in the electroless nickel co-deposition process is the poor micro-size 
particles dispersion in the electroless nickel solution because of the strong tendency of 
particles toward agglomeration and sedimentation. A successful co-deposition of particles 
into the substrate gives demands for stable, high-degree particle dispersions. So far, the 
particles have been kept in suspension by different methods of mixing such as circulation by 
pumping, magnetic or mechanical stirring and ultrasonic. When nano-size particles are used, 
the dispersion is more difficult. Necula, et al investigated the stability of nano/micro-sized 
particles in deionized water and electroless nickel solutions. The findings of his research 
revealed that both the type of particles and the dispersion medium can affect the stability of 
dispersions within a certain pH range. 
 
Another method to avoid the particles in solution agglomerating and sedimentating was 
investigated by Chen, et al. They produced a nano-structured metal-matrix composite 
coatings using an electroless nickel co-deposition technique to improve the composite 
hardness and wear resistance. This method combine sol-gel and electroless plating techniques 
to prepare highly dispersive oxide nano-particle reinforced composite coatings. Transparent 
TiO2 sol was added into the standard electroless plated Ni–P solution at a controlled rate to 
produce Ni–P–TiO2 nano-composite coatings on Mg alloys.  
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Figure 3-4 (a) Surface morphologies of the conventional nickel coating, (b) Surface of Ni–P–
TiO2 coating produced by solid particle mixing, (c) Surface of Ni–P–TiO2 coating produced 
by electroless nickel co-deposition 
 
The coating was found to have a crystalline structure. The nano-sized TiO2 particles (∼15 nm) 
were well-dispersed into the Ni–P coating matrix. Figure 3-4 (a) shows the surface 
morphologies of the conventional nickel coating. Figure 3-4 (b) shows the surface of Ni–P–
TiO2 coating produced by solid particle mixing. Figure 3-4 (c) shows the surface of Ni–P–
TiO2 coating produced by electroless nickel co-deposition. Some pores were seen on the 
conventional nickel coating probably due to the formation of H2. The agglomeration of TiO2 
nano-particles can be clearly seen on the Ni–P–TiO2 coating produced by solid particle 
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mixing, as shown by the arrows in the inset of Figure 3-4 (b). In contrast, the electroless 
nickel co-deposition Ni–P–TiO2 coating had a clean surface, and no clusters could be seen. 
 
This technique can effectively avoid the agglomeration of nano-particles in the coating matrix. 
Moreover, the micro-hardness of the composite coatings was significantly increased to 1025 
HV200 compared to 710 HV200 of the conventional composite coatings produced with solid 
particle mixing methods. Correspondingly, the wear resistance of the new composite coatings 
was also greatly improved. 
Bahiyah, et al investigated electroless nickel co-deposition with YSZ particles on to a 
ceramic substrate. Meanwhile, they discussed optimising work on a method of processing 
ceramic / metal composite coatings for various applications and is based on preliminary work 
on processing anodes for SOFC. The composite coating is manufactured by the electroless 
co-deposition of nickel and YSZ simultaneously on to a ceramic substrate. The effect on 
coating characteristics of substrate surface treatments and electroless nickel bath parameters 
such as pH and agitation methods are also investigated. This paper highlights the importance 
of a new technique for manufacturing solid oxide fuel cell anodes. Finally, they investigated 
how the ratio of ceramic to metal content can be altered to suit different applications such as 
for manufacturing thermal barrier coatings. 
3.2 Methods of testing 
             3.2.1 Scanning Electron Microscope (SEM) 
A Scanning Electron Microscope (SEM) is a type of electron microscope which takes images 
from a sample by scanning the surface with a beam of electrons in a raster scan pattern. The 
focused high-energy beam of electrons images one point at a time. The interaction of the 
electron beam with every point of the specimen surface is registered, forming the entire 
image. Since the wavelength of the electron beam is much lower than wavelength of the 
visible light, the magnification of an SEM is much higher (thousands of times) than that of 
optical microscopes.  The resolution of an SEM is about 1nm to 20 nm. Figure 3-5 shows the 
schematic layout of the SEM [http://en.wikipedia.org/wiki/Scanning_electron_microscope]. 
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                                         Figure 3-5   Schematic layout of the SEM 
 
             3.2.2Energy Dispersive X-ray Analysis (EDXA)  
 
Energy Dispersive X-ray Analysis (EDXA) is also called Energy-Dispersive X-ray 
Spectroscopy (EDS). It is a standard method for identifying and quantifying the elemental 
compositions in a tiny sample of even a few cubic microns. It is normally working with an 
SEM. EDXA allows element characterization as well as its distribution that give sample’s 
chemical stoichiometry. The principle of EDXA working is an atom within the sample 
contains ground state (or unexcited) electrons in discrete energy levels or electron shells 
bound to the nucleus. Meanwhile, the electrons beam may excite an electron in an inner shell 
to an outer shell leaving an electron hole where the electron was. An electron from an outer, 
higher-energy shell could fill the hole, and release some energy. The energy is the difference 
between the higher-energy shell and the lower energy shell. The number and energy of the X-
rays emitted from a specimen can be measured by an energy-dispersive spectrometer. The 
characteristic energy of the X-rays could allow the elemental composition of the specimen to 
be measured. [http://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy]  
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             3.2.3 Optical Microscope 
An optical microscope is used for general analysis of a specimen’s surface morphology or 
specimen cross-section [http://en.wikipedia.org/wiki/Optical_microscope]. The thickness of 
specimen can be measured and a 3D morphology can be captured with Image-Pro plus 
software.  A Leitz Aristomet optical microscope will be used in this research. It has six 
variations of objective lenses, which have magnifications of 2, 5, 10, 20, 50 and 100. The true 
magnifications are from 20 to 1000. A graticule is set up inside to measure the lengths inside 
an image – for example, when a magnification of 1000 was used, one millimeter on the 
graticule represents one micron. 
  
 
   (a)                                                                      (b) 
Figure 3-6  (a) Leitz Aristomet optical microscope (b) Scheme of the optical microscope 
The photograph and scheme of Leitz Aristomet optical microscope is shown in Figure 3-6 
 
 
 
Optical system of 
optical microscope 
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Table 3-3        Leitz Aristomet optical microscope specifications 
Objective magnification True magnification 
True length (micron),  
per millimeter on Ruler 
represented 
2 20 50 
5 50 20 
10 100 10 
20 200 5 
50 500 2 
100 1000 1 
 
The specifications can be seen in Table3-3. 
Since metal specimens are opaque substances they must be illuminated by frontal lighting, 
therefore the source of light is located within the microscope tube. This is achieved by plain 
glass reflector, installed in the tube. The eyepiece is the lens nearest the eye. The image is 
magnified by eyepiece can be adjusted. The image quality and its resolving power are mainly 
determined by the quality of the objective.  
The objective magnification depends on its focal length, which the shorter focal length will 
result the higher magnification. The total magnification of the microscope may be calculated 
by the formula: 
M = L x E / F 
Where L: the distance from back of objective to eyepiece. F:  the focal length of the objective. 
E: the magnifying power of the eyepiece.  
 
             3.2.4 Image-Pro plus Software 
 
The optical microscope was set with the Image-Pro plus software in the research lab in 
relevant with this research.  
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The Image-Pro plus software includes the latest tools for scientific and industrial image 
analysis and image processing [http://www.mediacy.com/index.aspx?page=IP_3D_analysis]. 
The software uses over 50 manual and automatic measurement tools to count and 
characterize objects. Tag interest of objects and easily sort by size or other measurement 
parameters, such as: 
• Set ranges for measurements to filter unwanted objects  
• Group objects in classes based on measurements 
• Measure lengths, roundness, aspects, angles, areas, perimeters, and holes 
• Resolve clustered objects with Watershed, Auto-Split, and Cluster analysis tools  
• Use colours to separate and measure objects in colour images  
• Export measurements to statistical  
                 
               (a)                                                                   (b) 
Figure 3-7         2D image created with Image-Pro plus software 
The software includes a powerful 2D and 3D image processing, enhancement, and analysis 
with extensive measurement and customization features. Figure 3-7 shows a 3D image 
created with Image-Pro plus software. 
          3.3      Chapter Summary 
This chapter outlines the chemical process on which the novel manufacturing process is 
based. It details the electroless deposition process and how co-deposition can be developed 
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from it. The chemical involved are described along with the essential characterisation 
equipment – optical and scanning electron microscopy, energy dispersive X-Ray Analysis 
and associated software packages.   
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CHAPTER 4 EXPERIMENTS, RESULTS AND DISCUSSION 
  
4.1 Introduction 
The initial practical aim of this research is to deposit the YSZ particles and nickel 
simultaneously onto an alumina substrate (first planar then tubular) to form a practicable 
anode for a planar and tubular SOFC using electroless co-deposition technology. The 
chemical reaction process is that the reductant of sodium hypophosphite (NaH2PO2) loses two 
electrons and turns into NaHPO3. The nickel ion, Ni2+ grasps the two electrons forming 
nickel metal. When YSZ is added into the electroless nickel plating bath, the nickel ions will 
trap the YSZ particles like a fish net and bring them onto the substrate. This process could 
achieve several microns thickness coating containing nickel and YSZ particles. 
 
4.2 Experimental Materials and process 
 
 Alumina substrate 
As the electrolyte material YSZ is expensive, an alternative ceramic material - alumina Al2O3 
- can be used to replace YSZ as the substrate for depositing the anode coating. Alumina is a 
widely used fine ceramic material and has high electrical insulation, high mechanical strength, 
and high wear and chemical resistance. The planar alumina substrates tiles and tubular 
alumina substrates were supplied by Ortech Advanced Ceramics Ltd. The dimensions of the 
tubular alumina - fabricated via an extrusion technique – were an outside diameter of 15.88 
mm, an inside diameter of 12.70 mm and a length of 20mm. 
 YSZ powder 
The YSZ powder used in this research was manufactured and supplied by Unitec Ceramics 
Ltd, and had a nominal particle size of 1µm, 2 µm and 5 µm. They were stabilised with 8% 
weight of yttria. 
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 Chemicals for sensitising and coating 
The ceramic substrate will undergo a cleaning, sensitising and activation process which is a 
requirement to make the substrate more receptive to nickel deposition.  
Table  4-1  Chemicals for substrate sensitising and coating process 
Application Trade name Composition 
Cleaning Cuprolite X96DP 
50ml Cuprolite X96 DP A, 5ml Cuprolite 
X96 DP B, Deionised water 945ml to 
volume 1 litre 
Sensitization  and 
Activation 
Uniphase PHP Pre-
catalyst 
200g Uniphase PHP A salt, 20ml 37% 
Hydrochloric acid RP, Deionised water to 
volume 1 litre 
Uniphase PHP Catalyst 
200g Uniphase PHP A salt, 20ml 37% 
Hydrochloric acid RP, 20ml Uniphase PHP 
B, Deionised water to volume 1 litre 
Cleaning Niplast 78 
100ml Niplast AT 78, Deionised water to 
volume 1 litre 
Deposition 
Electroless Nickel 
SLOTONIP 1850 
750ml SLOTONIP 1851, 300ml 
SLOTONIP 1853, Deionised water 3.95l to 
volume 5 litre 
 
The chemicals used for substrate sensitising and coating process are listed in Table 4-1.  
Cuprolite X96DP A and Cuprolite X96DP B were supplied by AlfaChimici and were mixed 
to form the alkaline cleaning agent Cuprolite X96DP. The proportion of A, B and deionised 
water are shown in Table 4-1. 
The sensitising and activating solutions were also manufactured by AlfaChimici under the 
trade names of Uniphase PHP Pre-catalyst and Uniphase PHP Catalyst.  
The Slotonip 1850 electroless nickel solution used was manufactured by the Schloetter 
Company Ltd and produced a bright mid-phosphorous (6 – 9%) nickel deposit solution.  The 
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pH of this solution should be 4.9 – it can be adjusted with ammonium hydroxide if the pH is 
too low, and with sulphuric acid to reduce the pH.  
 
                                 
 
 
 
 
 
 
 
 
 
 
 
 
    
  
Figure 4-1        Electroless Nickel Co-deposition Process 
The overall electroless nickel co-deposition process is shown in Figure 4-1. The alumina 
substrate is pre-treated before the co-deposition process to become more active because the 
co-deposition process needs more activation than a normal electroless nickel plating process. 
The sample should be cleaned and dried between stages. The co-deposition process takes 
place in a beaker and at a temperature of 89oC. Lower temperatures cause low deposition and 
higher temperature results in higher deposition. The deposition time varies from half hour to 
Clean substrate with deionised water 
Cuprolite X96 DP -15 minutes at 60°C 
Rinse with deionised water 
Uniphase PHP Pre-catalyst -15 minutes at 20°C  
PHP Catalyst -15 minutes at 35-40°C  
Rinse with deionised water 
Rinse with deionised water 
Niplast AT78 - 15 minutes at 35-40°C  
Rinse with deionised water 
Nickel solusion + YSZ powder at 89°C  
Rinse with deionised water 
 
 
 
 
 
 
 
 
 
 
 
71 
 
two hours. The volume of solution is 100ml and YSZ loading is 5 g.  All the waste solutions 
were bottled separately and disposed of according to University procedures.  
 
4.3 Experimental results  
 
             4.3.1 Materials  
 
                 4.3.1.1 Planar ceramic substrate 
Figure 4-2(a) shows the planar ceramic Al2O3 tile surface in optical micrographs in x1000 
magnification. Figure 4-2(b) shows a 3D representation of surface. The results show that the 
surface of the tile is irregular and uneven – helping to promote mechanical bonding of the 
coating. 
(a)      (b)  
Figure 4-2  Optical microscope micrographs of planar ceramic surface, x1000 
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Figure 4-3  SEM image of planar ceramic surface with different magnifications 
 
Figure 4-3 shows an SEM micrograph of the planar alumina tile with different magnifications. 
The grains and gaps can be seen clearly. The sizes vary from small 2 µm to large over 10 µm. 
              
 
               
                                   Figure 4-4          EDXA results of planar alumina tile 
Table 4-2 Elemental content in planar ceramic tile 
Elements Weight% Atomic% 
Oxygen 47.50 60.41 
Aluminium 52.50 39.59 
Figure 4-4 shows the EDXA results in which aluminium and oxygen elements are present.  
This confirmed the tile is pure alumina. The percentage of aluminium and oxygen details is 
tabulated in Table 4-2. 
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              Figure 4-5      Optical microscope micrographs results, x500 
                                    eletroless nickel coating cross-section after one hour 
 
Figure 4-5 shows the nickel coating on the planar tile with electroless nickel deposition for 
one hour. The coating is uniform and the thickness achieved was 30 µm. The coating finish is 
flat and uniform.  
                   4.3.1.2 Tubular ceramic substrate 
 
 (a)  (b)  
Substrate 
Coating 
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Figure 4-6       Optical microscope micrographs of tubular ceramic surface, x1000 
 
The anode could be on the inside or outside of the tube depending on the different application 
of SOFC. This research experiment investigated the character of coating on both side of tube. 
Figure 4-6(a) shows the tubular ceramic Al2O3 surface in optical micrographs with x1000 
magnification. Figure 4-6(b) shows 3D representation of surface. Compared with the planar 
ceramic tile surface in Figure 4-2, the tubular surface is more uneven and so should be more 
conducive to mechanical bonding of the coating to the substrate. 
          
        Figure 4-7       SEM images of tubular ceramic surface with different magnifications 
The grain shapes and surface geography can be seen in Figure 4-7 which shows SEM 
micrographs of the tubular alumina at two magnifications. The grain size is larger than those 
on the planar tile. 
      
                             Figure 4-8          EDXA results of tubular ceramic 
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Figure 4-8 shows the EDX analysis spectrum, with elements aluminium and oxygen being 
depicted. It confirms that the tube is pure alumina and the weight percentage of aluminium 
and oxygen is 55% and 45%, respectively.     
 
 
                   
Table 4-3 Elemental content in tubular ceramic 
Elements Weight% Atomic% 
Oxygen 55.12 67.44 
Aluminium 44.88 32.56 
 
The details are tabulated in Table4-3. The weight and volume percentage of aluminium and 
oxygen is slightly different from that of planar tile. 
 
(a)    (b)  
Figure 4-9 Optical microscope micrographs results, (a) inside cross-section of tubular,         
(b) outside cross-section of tubular, x500,  electroless nickel coating 1 hour 
Figure 4-9 shows the nickel coating on the tube with electroless nickel deposition for one 
hour. The thickness of inside and outside is different. The inside coating thickness measured 
40 µm, while the outside measured 20 µm.                          
 
Substrate Substrate 
Coating Coating 
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                       4.3.1.3 YSZ powders 
 
                               (a)     
  (b)  (c)  
Figure 4-10 SEM images of YSZ powder. (a) 1 µm YSZ, (b) 2 µm YSZ, (c) 5 µm YSZ 
The different YSZ particles sizes can be clearly seen from the same magnification SEM 
images in Figure 4-10.  
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Figure 4-11       EDXA spectrum for YSZ powder coated with Ni 
 
Table 4-4 Elemental content of YSZ powder coated with Ni 
Elements Weight% Atomic%    
O 24.46 62.05    
Ni 17.21 11.90    
Y 8.45 3.86    
Zr 49.88 22.20    
Figure 4-11 and Table 4-4 show the results of 2 µm YSZ powders coated via electroless 
nickel plating. The results show that nickel was successful coated onto YSZ particles. 
                          4.3.2 Planar SOFC anode coating 
(a)  (b)  
Figure 4-12 SEM images of sample surface with 1 µm YSZ, (a) Electroless nickel co-
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deposition with 1 µm YSZ 0.5 hours, (b) Electroless nickel co-deposition with                       
1 µm YSZ 1.5 hours 
Figure 4-12 shows the surface SEM images of electroless nickel co-deposition with 1 µm 
YSZ at two different times. Figure 4-13 show successful co-deposition was obtained in both 
half an hour and 1.5 hour coatings.  
 
                                                                    (a) 
 
                                                                    (b) 
Figure 4-13 EDXA results of sample surface with 1 µm YSZ, (a) Electroless nickel co-
deposition with 1 µm YSZ half hour, (b) Electroless nickel co-deposition with                         
1 µm YSZ 1.5 hours 
Table 4-5 Elemental content of electroless nickel co-deposition with 1 µm YSZ on surface 
Elements 
Weight% Atomic% 
0.5 hour 1.5 hour 0.5 hour 1.5 hour 
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O 10.46 13.69 32.65 40.34 
Ni 60.23 52.44 51.25 42.11 
Y 3.00 3.28 1.69 1.74 
Zr 26.32 30.59 14.41 15.81 
Table 4-5 gives the proportion of each element in the coating. The YSZ content in the coating 
surface increased with plating time. 
Table 4-6       Elemental content of electroless nickel co-deposition with 1 µm                          
YSZ over the cross-section 
Elements 
Weight% Atomic% 
0.5 hour 1.5 hour 0.5 hour 1.5 hour 
O 8.74 21.24 27.73 52.29 
Ni 69.62 57.17 60.19 38.35 
Y 2.62 3.21 10.59 1.42 
Zr 19.02 18.38 10.59 7.93 
Table 4-6 lists the elemental content of the sample cross-section of electroless nickel co-
deposition with 1 µm YSZ at different times. Compared with Table 4-5, the nickel content 
was lower at the surface compared to the average value over the cross-section (thickness). As 
in Table 4.5, the nickel content in the cross-section decreased with plating time.  
(a)  (b)   
Figure 4-14 Optical microscope micrographs of with 1 µm YSZ , (a) Electroless nickel co-
deposition with 1 µm YSZ (half hour) cross-section, (b) Electroless nickel co-deposition with 
1 µm YSZ (1.5 hours) cross-section, x1000 
Figure 4-14 shows the thickness of coating, deposition with 1 µm YSZ half hour and 1.5 
Substrate Substrate 
Coating Coating 
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hours. The results show that the coating thickness is not much different. At both times, the 
thickness achieved was around 5 µm. This indicates the coating formation will be finished at 
one specific time – probably due to exhaustion of nickel in solution. 
 
(a)  (b)  
Figure 4-15 SEM images of sample surface with 2 µm YSZ, (a) Electroless nickel co-
deposition with 2 µm YSZ (half hour), (b) Electroless nickel co-deposition                        
with 2 µm YSZ (1.5 hours) 
Figure 4-15 shows the planar anode coating sample surface SEM images of electroless nickel 
co-deposition with 2 µm YSZ at different times. The results again show successful co-
deposition over both times. 
 
                                                                    (a) 
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                                                                    (b) 
Figure 4-16 EDXA spectra of sample surface with 2 µm YSZ, (a) Electroless nickel co-
deposition with 2 µm YSZ (half hour), (b) Electroless nickel co-deposition with                      
2 µm YSZ (1.5 hours) 
 
Table 4-7 Elemental content of electroless nickel co-deposition with 2 µm YSZ at surface 
Elements 
Weight% Atomic% 
0.5 hour 1.5 hour 0.5 hour 1.5 hour 
O 12.70 17.13 38.18 47.70 
Ni 53.95 43.52 44.19 33.03 
Y 3.07 4.42 1.66 2.21 
Zr 30.27 34.94 15.96 17.07 
The EDXA results in Figure 4-16 show evidence of YSZ and Ni coated on the substrate while 
Table 4-7 gives the proportion of each element in the coating.  Compared with co-deposition 
with 1 µm YSZ powder for half hour, a higher YSZ content can be seen in the coating with 2 
µm YSZ. The proportion of Y and Zr increased from 29.32 to 33.34. Meanwhile, the content 
of Ni decreased from 60.23 to 53.95. At 1.5 hours coating surface, the content of each 
element changed from the half hour test.  Compared with the 1 µm YSZ test, the same result 
can be seen in 2 µm YSZ test, namely the YSZ increased and the nickel decreased as time 
increased. 
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Table 4-8        Elemental content of electroless nickel co-deposition with                                         
2 µm YSZ at cross-section 
Elements 
Weight% Atomic% 
0.5 hour 1.5 hour 0.5 hour 1.5 hour 
O 9.89 20.64 30.39 50.67 
Ni 68.94 63.36 58.06 42.40 
Y 3.49 3.03 1.94 1.34 
Zr 17.74 12.97 9.61 5.59 
Table 4-8 lists the elements present in the sample cross-section with the experimental 
condition of electroless nickel co-deposition with 2 µm YSZ at different times. Compared 
with Table 4-7, the nickel content decreased as deposition proceeded in the coating process. 
Conversely, the YSZ content increased from the layer close to substrate to the coating 
surface. 
 (a)  (b)  
Figure 4-17 Optical microscope micrographs with 2 µm YSZ, (a) Electroless nickel co-
deposition with 2 µm YSZ (half hour) cross-section, (b) Electroless nickel co-deposition with 
2 µm YSZ (1.5 hours) cross-section, x1000 
 
Figure 4-17 show the thickness of coating, deposited with 2 µm YSZ for a half hour and 1.5 
hours. As with the 1 micron experiments, the results show that the coating thickness is not 
much different. At both times, the thickness achieved was around 5 µm. This indicates the 
coating will be finish at one specific time – again probably due to exhaustion of Ni in the 
solution. 
Substrate Substrate 
Coating Coating 
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(a)  (b)  
Figure 4-18 SEM images of sample surface with 5 µm YSZ, (a) Electroless nickel co-
deposition with 5 µm YSZ (half hour), (b) Electroless nickel co-deposition with                     
5 µm YSZ (1.5 hours) 
Figure 4-18 shows the sample surface SEM images of electroless nickel co-deposition with 5 
µm YSZ at different times. The results again show successful co-deposition over both times. 
Table 4-9       Elemental content of electroless nickel co-deposition with                                        
5 µm YSZ on the surface 
Elements 
Weight% Atomic% 
0.5 hour 1.5 hour 0.5 hour 1.5 hour 
O 10.76 13.56 33.80 40.42 
Ni 55.72 49.51 47.68 40.22 
Y 3.79 4.23 2.14 2.27 
Zr 29.72 32.71 16.37 17.10 
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                                                                    (a) 
 
                                                                    (b) 
Figure 4-19      EDXA results of sample surface with 5 µm YSZ, (a) Electroless nickel co-
deposition with 5 µm YSZ (half hour), (b) Electroless nickel co-deposition with                      
5 µm YSZ (1.5 hours) 
The EDXA spectra in Figure 4-19 provide evidence of YSZ and Ni being successfully coated 
on the alumina substrate and Table 4-9 give the proportion of each element in the coating.  
Compared with co-deposition with the 2 µm YSZ powder, each element proportion is similar 
to the 5 µm YSZ test over both times; the YSZ increased and the Ni decreased as the time 
increased. 
Table 4-10     Elemental content of electroless nickel co-deposition with                                      
5 µm YSZ at cross-section 
Elements 
Weight% Atomic% 
0.5 hour 1.5 hour 0.5 hour 1.5 hour 
O 5.54 6.95 19.04 23.08 
Ni 71.7 70.14 67.19 63.50 
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Y 2.82 4.21 1.75 2.52 
Zr 19.94 18.71 12.03 10.90 
Table 4-10 lists the elemental content of the sample cross-sections for 5 µm YSZ at different 
times. Compared with Table 4-8, the nickel content again decreased as deposition proceeded. 
Conversely, the YSZ content increased from the layer close to the substrate to the coating 
surface. This phenomenon is attributed to the nickel ion concentration being exhausted in the 
plating solution.  
(a)  (b)  
Figure 4-20 Optical microscope micrographs with 5 µm YSZ, (a) Electroless nickel co-
deposition with 5 µm YSZ (half hour) cross-section, (b) Electroless nickel co-deposition with 
5 µm YSZ (1.5 hours) cross-section, x1000 
Figure 4-20 show the thickness of coating deposited with 5 micron YSZ over a half hour and 
1.5 hours. The results show that the coating thickness is increased with time. A 12 µm 
coating thickness was achieved in half an hour and a 20 µm coating thickness was achieved 
in 1.5 hours.  
Comparing co-deposition with different sized YSZ, the thicker coating can be achieved with 
the larger sized YSZ. This observation agrees with the findings of Kalantary et al.  
Comparing co-deposition with different sized YSZ, the YSZ content decreased as the size of 
YSZ increased. This result agrees with work reported by Apachitei et al.  
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        4.3.3 Tubular SOFC anode coating 
 
               4.3.3.1 Tubular SOFC anode coating on inside of tube 
 
(a)  (b)  
(c)  
Figure 4-21 SEM images of inside tube surface after a half hour coating,                                  
(a) 1 µm YSZ, (b) 2 µm YSZ, (c) 5 µm YSZ . 
 
Figure 4-21 shows SEM images of the inside surfaces of tubes after electroless nickel half 
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hour co-deposition with different YSZ sizes. The images show that the ‘lumpy aggregates’ 
observed gradually reduced and then disappeared on going from 1 µm YSZ coating through 2 
µm YSZ, to 5 µm YSZ coating.  
(a)  
(b)  
(c)  
Figure 4-22 EDXA spectra of inside tube surfaces coated for half an hour, (a) 1 µm YSZ (b) 
2 µm YSZ and (c) 5 µm. 
 
Figure 4-22 shows the EDXA spectra for different sized YSZ on the inside tube surfaces after 
half an hour coating while Table 4-11 give the proportion of each element in these coatings.  
The results show that there are very little differences in composition with different YSZ sizes 
and that the ratios of ceramic to metal are encouragingly high 
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Table 4-11 Elemental content of 0.5 hour electroless nickel co-deposition for 1, 2, 5 µm YSZ 
sizes on the inside tube surface 
Elements 1 µm YSZ 0.5 hours 2 µm YSZ 0.5 hours 5 µm YSZ 0.5 hours 
Weight% Atomic% Weight% Atomic% Weight% Atomic% 
O 20.19 52.35 18.16 49.39 18.19 50.56 
Ni 44.75 31.63 43.48 32.23 43.68 31.82 
Y 5.94 2.77 5.76 2.82 6.28 3.02 
Zr 29.13 13.25 32.62 15.56 31.13 14.60 
 
(a)  (b)  
(c)  
Figure 4-23 Optical micrographs of the inside tube cross-sections after half an hour coating, 
(a) 1 µm (b) 2 µm and (c) 5 µm, magnification x1000 
Figure 4-23 shows the thickness of the inside tube surface coatings deposited with 1, 2, and 5 
Substrate Substrate 
Substrate 
Coating 
Coating Coating 
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µm YSZ for half an hour. The results show that the coating thickness is increased as the YSZ 
size increased. A 4 µm coating thickness was achieved with 1µm YSZ, a 12 µm coating with 
2µm YSZ and a 16 µm coating with 5µm YSZ.  
Table 4-12 shows a slight increase in ceramic content for the 5 micron sized YSZ compared 
with the 2 micron YSZ analysis – after coating for half an hour. 
Table 4-12     Elemental content on inner tube cross-section of electroless  nickel co-
deposition (0.5 hours) with 2 and 5 µm YSZ 
Elements 2 µm YSZ 0.5 hours 5 µm YSZ 0.5 hours 
Weight% Atomic% Weight% Atomic% 
O 11.94 34.92 6.55 21.74 
Ni 69.93 55.73 73.75 66.73 
Y 3.82 2.01 3.51 2.10 
Zr 14.32 7.34 16.19 9.43 
 
(a)  (b)  
(c)  
Figure 4-24 SEM images of inside tube surface after 2 hours coating                                      
(a) 1 µm YSZ, (b) 2 µm YSZ, (c) 5 µm YSZ. 
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Figure 4-24 shows SEM images of the inside surfaces of tubes after electroless nickel two- 
hour co-deposition with different YSZ sizes. As with the half-hour samples, the images show 
that the ‘lumpy aggregates’ observed gradually reduced and then disappeared on going from 
1 µm YSZ coating through 2 µm YSZ, to 5 µm YSZ coating.  
Figure 4-25 shows the thickness of the inside tube surface coatings deposited with 1, 2, and 5 
µm YSZ for two hours. As with the half hour coatings shown in Figure 4-23, the results show 
that the coating thickness is increased as the YSZ size increased.  
(a)  (b)  
(c)  
Figure 4-25 Optical micrographs of the inside tube cross-section thickness after a two-hour 
coating, (a) 1 µm (b) 2 µm and (c) 5 µm, magnification x1000 
 
Table 4-13 below shows a slight increase in ceramic content for the 5 micron sized YSZ 
compared with the 2 micron YSZ analysis – after coating for 2wo hours. This is the same 
trend found in the 0.5 hour coatings shown in Table 4.12. 
Substrate Substrate 
Substrate 
Coating 
Coating Coating 
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Table 4-13     Elemental content on inner tube cross-section of electroless  nickel co-
deposition (2 hours) with 2 and 5 µm YSZ 
Elements 2 µm YSZ 2 hours 5 µm YSZ 2 hours 
Weight% Atomic% Weight% Atomic% 
O 9.23 28.91 9.88 30.50 
Ni 69.61 59.42 68.82 57.90 
Y 2.67 1.50 4.26 2.36 
Zr 18.50 10.17 17.05 9.23 
Table 4-14 below shows the effect of plating time and particle size on coating thickness. It is 
clear that the thickness increases with both plating time and YSZ size. 
Table 4-14 The coating thickness in 0.5 and 2 hour deposition with different YSZ sizes 
Thickness 1 µm YSZ 2 µm YSZ 5 µm YSZ 
0.5 hour 4 12 16 
2 hour 5 12 20 
 
 
 
 
 
 
 
 
 
92 
 
 
 
                 4.3.3.2 Tubular SOFC anode coating on outside of tube 
 
(a)  (b)  
(c)  
Figure 4-26 SEM images of outside tube surface after 0.5 hours coating                                      
(a) 1 µm YSZ, (b) 2 µm YSZ, (c) 5 µm YSZ. 
 
Figure 4-26 shows SEM images of the outside surfaces of tubes after electroless nickel half- 
hour co-deposition with different YSZ sizes. As with the inside surface half-hour samples, 
the images show that the ‘lumpy aggregates’ observed gradually reduced and then 
disappeared on going from 1 µm YSZ coating through 2 µm YSZ, to 5 µm YSZ coating.  
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(a)  
(b)  
 (c)  
Figure 4-27 EDXA spectra of outside tube surfaces coated for half an hour,                          
(a) 1 µm YSZ (b) 2 µm YSZ and (c) 5 µm. 
 
Figure 4-27 shows the EDXA spectra for different sized YSZ on the outside tube surfaces 
after half an hour coating while Table 4-15 gives the proportion of each element in these 
coatings.  The results again show encouragingly high ceramic to metal ratios and that the 1 
mm sample gives the highest ratio. 
Table 4-15             Elemental content of electroless nickel co-deposition with 1, 2, 5 µm YSZ 
half hour at outside of tube surface 
Elements 1 µm YSZ 0.5 hours 2 µm YSZ 0.5 hours 5 µm YSZ 0.5 hours 
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Weight% Atomic% Weight% Atomic% Weight% Atomic% 
O 16.52 47.35 15.70 44.20 15.67 44.84 
Ni 38.07 29.73 51.67 39.64 45.98 35.85 
Y 7.29 3.76 3.95 2.00 5.39 2.78 
Zr 38.11 19.16 28.68 14.16 32.96 16.54 
 
 
(b)  (b)  
(c)  
Figure 4-28 Optical micrographs of the outside tube cross-section thickness after a half hour 
coating, (a) 1 µm (b) 2 µm and (c) 5 µm, magnification x1000 
Figure 4-28 shows the thickness of the outside tube surface coatings deposited with 1, 2, and 
5 µm YSZ for half an hour. As with the inside surface half hour coatings shown in Figure 4-
23, the results show that the coating thickness is increased as the YSZ size increased (3, 10 
and 12 microns for 1, 2 and 5 micron YSZ). 
Substrate 
Substrate Substrate 
Coating 
Coating 
Coating 
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Table 4-16 below shows a slight increase in ceramic content for the 5 micron sized YSZ 
compared with the 2 micron YSZ analysis – after coating for two hours. This is the same 
trend found in the 0.5 hour inside tube coatings shown in Table 4.12. 
 
 
 
Table 4-16     Elemental content on outer tube cross-section of electroless  nickel co-
deposition (0.5 hours) with 2 and 5 µm YSZ 
Elements 2 µm YSZ 0.5 hours 5 µm YSZ 0.5 hours 
Weight% Atomic% Weight% Atomic% 
O 7.98 26.05 11.25 34.02 
Ni 66.89 59.51 64.19 52.90 
Y 3.21 1.89 4.04 2.20 
Zr 21.92 12.55 20.52 10.88 
 
(a)  (b)  
(c)  
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Figure 4-29 SEM images of outside tube surface after 2 hours coating                                      
(a) 1 µm YSZ, (b) 2 µm YSZ, (c) 5 µm YSZ. 
 
Figure 4-29 shows SEM images of the outside surfaces of tubes after electroless nickel two- 
hour co-deposition with different YSZ sizes. As with the inside surface two-hour samples, the 
images show that the ‘lumpy aggregates’ observed gradually reduced and then disappeared 
on going from 1 µm YSZ coating through 2 µm YSZ, to 5 µm YSZ coating.  
(b)  (b)  
(c)  
Figure 4-30 Optical micrographs of the outside tube cross-section thickness after a two hour 
coating, (a) 1 µm (b) 2 µm and (c) 5 µm, magnification x1000 
 
Figure 4-30 shows the thickness of the outside tube surface coatings deposited with 1, 2, and 
5 µm YSZ after 2 hour coatings. These thickness levels are disappointingly low – possibly 
due to nickel exhaustion from the plating solution.  
Table 4-17 below shows a slight increase in ceramic content for the 5 micron sized YSZ 
Substrate Substrate 
Substrate 
Coating 
Coating Coating 
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compared with the 2 micron YSZ analysis – after coating for 2wo hours. This is the same 
trend found in the other cross-sectional coatings. 
 
 
 
 
Table 4-17     Elemental content on outer tube surface of electroless  nickel co-deposition (2 
hours) with 2 and 5 µm YSZ 
Elements 2 µm YSZ 2 hours 5 µm YSZ 2 hours 
Weight% Atomic% Weight% Atomic% 
O 11.11 34.42 12.95 38.33 
Ni 57.31 48.37 57.20 46.13 
Y 4.09 2.28 3.90 2.08 
Zr 27.49 14.93 25.94 13.47 
 
Table 4-18       Elemental content of electroless nickel co-deposition with 5 µm YSZ two 
hour at outside of tube cross-section 
Elements 5 µm YSZ 2 hours 
Weight% Atomic% 
O 11.86 35.46 
Ni 62.89 51.26 
Y 2.91 1.56 
Zr 22.34 11.72 
Table 4-18 above is the EDXA data for the cross-section of the 5 micron YSZ and 
demonstrates a slightly higher nickel content than the outside surface for 5 microns shown in 
Table 4-17. 
 
Table 4-19        The outside tube coating thickness for half an hour and two hour deposition 
times with different YSZ sizes 
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Thickness 1 µm YSZ 2 µm YSZ 5 µm YSZ 
0.5 hour 3 10 12 
2 hour 4 10 12 
 
 
Table 4-19 shows that there is no significant difference in plating thickness for the outside 
tube coating – for all three particle sizes. However, there is a significant increase in coating 
thickness - for both plating times – with increasing particle size. 
            4.3.4 Conclusions of Experimental Results 
 
Electroless Nickel / Yttria Stabilised Zirconia co-deposition with different YSZ sizes has 
been successfully achieved on both planar and tubular ceramic substrates. This is the first 
time that the tubular anodes have been manufactured by this novel process. The plating rates 
with nickel and ceramic were lower than with just nickel alone – possibly due to the ceramic 
particles impeding the flow of nickel ions to the substrate. 
The results from the co-deposition onto planar substrates gave valuable data on the effect of 
particle size, plating times and differences between the surface composition and that of the 
average cross-section composition. It was found that for all three YSZ particle sizes (1, 2 and 
5 microns), the ceramic to metal ratio in the deposit increased (this is a positive result for fuel 
cell anodes). Again, in all three cases, the ceramic content on the surface of the coating was 
higher than the average cross-section value. The 2 micron YSZ deposit produced the highest 
ceramic to metal ratio (compared to 1 and 5 microns) – perhaps this is the optimum size for 
co-deposition. 
The results for the tubular substrates largely replicated the findings of the planar ones. For all 
three YSZ sizes, the ceramic to metal ratio in all deposits – especially on the inside surfaces 
after half an hour coating - were encouragingly high. Again, plating thickness generally 
increased with plating time although plating thickness levels on the outside surfaces of the 
tubes were disappointingly low. As with the planar substrates, the ceramic content at the 
surface of the coatings was higher than the average cross-section values. 
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      4.4   Chapter Summary 
 This chapter describes the experimental work carried out, details the results and discusses 
their meaning. The experimental work begins with preliminary trials on planar cells then 
moves on to tubular cells – this is novel work. The effect of ceramic particle size and plating 
time is examined on the plating thickness, chemical composition, inner and outer tube 
surfaces and inner and outer cross-sections. 
 
 
 
 
 
CHAPTER 5 FURTHER WORK 
 
Further research work is planned to continue the experiments carried out in this project. The 
existing method will be optimised further using multi-factoral experimentation techniques.   
The incorporation of pore-formers such as polystyrene and starch as well as surfactants to 
help co-deposition should be carried out. 
The wear resistance and chemical resistance of the composite coating should be evaluated 
and its suitability for other applications determined. 
The position and orientation against solution flow should also be investigated.  
The different methods of keeping YSZ suspending in solution will be designed and 
investigated – for example, ultrasonic agitation and / or air bubbling. 
Coating with a range of YSZ sizes could be investigated to determine if there is a synergistic 
effect of different sized ceramic. 
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Nano-sized YSZ could also be introduced as smaller sized YSZ can lead to higher YSZ 
content (but thinner coating). 
 
 
 
 
 
 
 
GLOSSARY 
 
AFC:   Alkaline Fuel Cell   
BSCF:  Ba0.5Sr0.5Co0.8Fe0.2O3−δ  
BCN:   (Bi0.75Y0.25)2O3  
BYO:   Bi0.75Y0.25)2O3,  
CDC:   (Ce0.88Ca0.12)O1.88 
CVD:   Chemical Vapour Deposition  
DMFC:  Direct Methanol Fuel Cell 
EDXA:  Energy Dispersive X-ray Analysis 
EDS:   Energy-Dispersive X-ray Spectroscopy  
ECD:   Electrochemical Vapour Deposition 
GM:   General Motors 
GDC:   Gd0.2Ce0.8O1.9  
HVOF:  High Velocity OxyFuel Spraying  
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LaCrO3:  Lanthanum chromite  
LCM:   LaCaMnO3  
LSCF:  Lanthanum Strontium Cobaltite Ferrite 
LSN:   Strontium-Doped La2NiO4 
LSGMC:  (La,Sr) (Ga, Mg, Co) 
LSGM:  La0.9Sr0.1Ga0.8Mg0.2O3  
MCFC:  Molten Carbonate Fuel Cell  
NASA:  National Aeronautics and Space Administration 
NiSDC :  Ni-(Ce, Sm) O2 
OPEC:  Organisation of Petroleum Exporting Countries 
PEMFC:  Polymer Electrolyte Fuel Cell  
PVD:   Physical Vapour Deposition  
PAFC:  Phosphoric Acid Fuel Cell 
SOFC:  Solid Oxide Fuel Cells 
SDC:   Samarium-Doped Ceria 
SEM:   Scanning Electron Microscope 
SSc:   (Sm, Sr)CoO3 
ScSZ :  Scandia-Stabilized Zirconia  
SrTiO3:  Strontium Titanate  
SYC:   Sr(Ce0.95Yb0.05)O3  
ULSM:  Sub-stoichiometric Lanthanum–Strontium–Manganite  
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YDC:   Y-Doped CeO2; (Ce0.85Y0.15)O1.925  
YTZ:   Yttrium Titanium Zirconium  
YSZ:   Yttria-Stabilized-Zirconia, 8mol%Y 
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